Pharmakologische und psychopathologische Modulation des sensomotorischen Gatings by Quednow, Boris B
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2009
Pharmakologische und psychopathologische Modulation des
sensomotorischen Gatings
Quednow, B B
Quednow, B B. Pharmakologische und psychopathologische Modulation des sensomotorischen Gatings. 2009,
University of Zurich, Faculty of Arts.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
University of Zurich, Faculty of Arts, 2009.
Quednow, B B. Pharmakologische und psychopathologische Modulation des sensomotorischen Gatings. 2009,
University of Zurich, Faculty of Arts.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
University of Zurich, Faculty of Arts, 2009.
Aus der Abteilung für 
Neuropsychopharmakologie und Bildgebung 
der Psychiatrischen Universitätsklinik Zürich 
 
 
Pharmakologische und psychopathologische 
Modulation des sensomotorischen Gatings 
 
 
 
 
Franz von Stuck: Medusa 
 
 
 
 
 
Kumulative Habilitation 
zur Erlangung der Venia Legendi 
für den Bereich „Psychologie“ 
 
Der Philosophischen Fakultät der Universität Zürich 
vorgelegt von 
 
Dr. rer. nat. Boris B. Quednow 
 
September 2008 
 2 
 3
Danksagung 
 
Im Laufe meiner wissenschaftlichen Laufbahn hat mich eine ganze Reihe von Freunden, Kollegen 
und Förderern unterstützt und immer wieder ermutigt, den Weg einer akademischen Karriere 
weiter zu gehen. Ihnen allen gebührt mein aufrichtiger Dank. Einige Personen möchte ich jedoch 
herausheben, denen ich ganz besonders verbunden bin. Zunächst möchte ich meinem Vater 
danken, der in mir schon als kleiner Junge die wissenschaftliche Neugier zu wecken verstand, 
welche schon früh meinen Wunsch reifen liess, Forscher zu werden. Meiner Mutter verdanke ich 
den notwendigen Ordnungssinn, der mir bis heute hilft, den ausufernden Wissensdrang in die 
richtigen Bahnen zu lenken, und die Kreativität, welche mir heute vor allem beim Schreiben nützt. 
Ich möchte auch Prof. Edgar Erdfelder danken, der es mit seiner Begeisterung in seinen 
Seminaren und seiner engagierten Betreuung während meiner Diplomarbeit geschafft hat, mich 
am Ende meines Studiums doch wieder für die Wissenschaft zu gewinnen. Auch bei Andreas 
Teimann bedanke ich mich, denn ohne die gemeinsamen nächtelangen Spekulationen über das 
Wesen der Welt und sein Drängen, meine Doktorarbeit zu beginnen, wäre ich wohl kein Forscher 
geworden. Dr. Jens Westheide gebührt mein Dank für seine lange Freundschaft und seine 
Unterstützung während meiner Promotion. Dr. Kurt Hemmer möchte ich für sein väterliches 
Vertrauen, seine Aufmunterungen voran zu gehen und seinen nach wie vor allgegenwärtigen Rat 
danken. PD Dr. Kai-Uwe Kühn danke ich ebenfalls für seine Freundschaft, seine Förderung und 
die Möglichkeit, mich neben meiner Doktorarbeit an so vielen Studien zu beteiligen. Ich danke 
ihm auch für sein profundes pharmakologisches Wissen, von dem ich sehr profitiert habe. Prof. 
Michael Wagner danke ich für seine nach wie vor anhaltende Bereitschaft mich zu fordern und zu 
fördern und dafür, daß aus einem Doktorandenvater ein Freund wurde. Er ist auch „Schuld“ 
daran, daß ich mich mit sensomotorischen Filterleistungen auseinanderzusetzen begann und ohne 
ihn wäre meine jetzige Habilitation sicher nicht möglich gewesen. Prof. Franz Vollenweider 
danke ich, daß er mir alle Freiheiten und jede Unterstützung gab, die ich zur Verwirklichung 
dieser Habilitation brauchte. Dr. Felix Hasler danke ich für seine unendliche Geduld, seine 
stimmungsequilibrierende Wirkung und unsere freundschaftliche Zusammenarbeit. Dr. Philipp 
Csomor danke ich für seine hervorragende technische Unterstützung, seine unverhüllte 
Gradlinigkeit und seine beständige Kooperationsbereitschaft. Ich danke auch Prof. Lutz Jäncke, 
der mich ermunterte, am Psychologischen Institut der Universität Zürich zu habilitieren und der 
mir stets mit Rat zur Seite stand. Zu guter Letzt möchte ich mich noch bei Stephanie Rodgers für 
ihren Zuspruch, ihren Rückhalt, ihre Nähe und ihre Geduld danken, ohne die ich diese Aufgabe 
nicht hätte bewältigen können. 
 4 
 5
Inhaltsverzeichnis 
 
1. Zusammenfassung          5 
2. Die zur kumulativen Habilitation eingereichten Arbeiten     11 
3. Beschreibung der Arbeiten und der erbrachten Eigenleistungen    13 
3.1 Beeinflusst eine Modulation der serotonergen und noradrenergen Neuro- 
transmission das sensomotorische Gating?      13 
3.2 Leiden Ecstasy-Konsumenten an einem Serotonin-Defizit?    14 
3.3 Ist die Präpuls-Inhibition auch bei Patienten mit einer Zwangsstörung erniedrigt? 15 
3.4 Habituiert die Präpuls-Inhibition?       15 
3.5 Verbessern atypische Antipsychotika die Präpuls-Inhibition schizophrener 
Patienten über einen Serotonin-2A-Rezeptorantagonismus?    16 
3.6 Ist die Präpuls-Inhibition ein möglicher Prädiktor für Suizidalität?   18 
3.7 Wie hängen Schreckreaktion und Präpuls-Inhibition zusammen? Teil I   18 
3.8 Welche Rolle spielt der Serotonin-2A-Rezeptor bei der Verarbeitung der 
Präpuls-Inhibition?         19 
3.9 Hat das Opioid-System auch einen Einfluss auf die Präpuls-Inhibition?  20 
3.10 Wann treten die Präpuls-Inhibitions-Defizite schizophrener Patienten auf?  21 
3.11 Hat die genetische Variabilität des Serotonin-2A-Rezeptors einen Einfluss 
auf die Präpuls-Inhibition schizophrener Patienten?     23 
3.12 Welchen Effekt übt der COMT Val/Met-Polymorphismus auf die 
Präpuls-Inhibition schizophrener Patienten aus?     24 
3.13 Wie hängen Schreckreaktion und Präpuls-Inhibition zusammen? Teil II  25 
3.14 Welche Rolle spielt die PPI in der klinischen Forschung?    26 
4. Literatur           29 
 
Anhang A Quednow BB, Kühn KU, Hoenig K, Maier W, Wagner M (2004). 
Effects of serotonergic and noradrenergic antidepressants on auditory 
startle response in patients with Major Depression. 
Psychopharmacology 175: 399-406.  33 
 
Anhang B Quednow BB, Kühn KU, Hoenig K, Maier W, Wagner M (2004). 
Prepulse inhibition and habituation of acoustic startle response in male 
MDMA (‘Ecstasy‘) users, cannabis users, and healthy controls. 
Neuropsychopharmacology 29: 982-90. 43 
 
 6 
Anhang C Hoenig K, Hochrein A, Quednow BB, Maier W, Wagner M (2005). 
Impaired prepulse inhibition of the acoustic startle response in 
obsessive-compulsive disorder. Biological Psychiatry 57: 1153-1158. 55 
 
Anhang D Quednow BB, Kühn KU, Beckmann K, Westheide J, Maier W, Wagner 
M (2006). Attenuation of the prepulse inhibition of the acoustic startle 
response within and between sessions. Biol Psychol 71: 256-263. 63 
 
Anhang E Quednow BB, Kühn KU, Westheide J, Beckmann K, Bliesener N, 
Maier W, Wagner M (2006). Sensorimotor gating and habituation of the 
startle response in schizophrenic patients randomly treated with 
amisulpride or olanzapine. Biol Psychiatry 59: 536-545. 73 
 
Anhang F Quednow BB, Westheide J, Kühn KU, Werner P, Maier W, Hawellek 
B, Wagner M (2006). Normal prepulse inhibition and habituation of 
acoustic startle response in suicidal depressive patients without 
psychotic symptoms. J Affect Disord 92: 299-303. 85 
 
Anhang G Csomor PA, Yee BK, Stadler R, Quednow BB, Feldon J, Vollenweider 
FX (2006). The monotonic dependency of prepulse inhibition of the 
acoustic startle reflex on the intensity of the startle-eliciting stimulus. 
Behav Brain Res 174: 143-150. 93 
 
Anhang H Vollenweider FX, Csomor PA, Knappe B, Geyer MA, Quednow BB 
(2007). The effects of the preferential 5-HT2A agonist psilocybin on 
prepulse inhibition of startle in healthy human volunteers depend on 
interstimulus interval. Neuropsychopharmacology 32:1876-1887. 103 
 
Anhang I Quednow BB, Csomor PA, Chmiel J, Beck T, Vollenweider FX (2008). 
Sensorimotor gating and attentional set-shifting are improved by the μ-
opioid receptor agonist morphine in healthy human volunteers. Int J 
Neuropsychopharmacol 11:655-669. 117 
 
Anhang J Quednow BB, Frommann I, Berning J, Kühn KU, Maier W, Wagner M 
(2008). Impaired sensorimotor gating of the acoustic startle response in 
the prodrome of schizophrenia. Biol Psychiatry. In press. 135 
 
Anhang K Quednow BB, Kühn KU, Maier W, Mössner R, Schwab SG, Wagner M 
(2008). Sensorimotor gating of schizophrenia patients is influenced by 
5-HT2A receptor polymorphisms. Biol Psychiatry 64: 434-437. 145 
 
Anhang L Quednow BB, Wagner M, Mössner R, Maier W, Kühn KU (2008). 
Sensorimotor gating of schizophrenia patients depends on catechol O-
methyltransferase Val158Met polymorphism. Schizophr Bull. In press. 151 
 
Anhang M Csomor PA, Yee BK, Vollenweider FX, Feldon J, Nicolet T, Quednow 
BB (2008). On the influence of baseline startle reactivity on the 
indexation of prepulse inhibition. Behav Neurosci 122: 885-900. 159 
 
Anhang N Quednow BB (2008). Defizite der sensomotorischen Filterleistung bei 
psychiatrischen Erkrankungen. Z Neuropsychol 19: 139-163. 177 
 7
1. Zusammenfassung 
 
Ende der 70er Jahre entdeckten David Braff und seine Mitarbeiter, daß schizophrene Patienten 
eine verminderte Präpuls-Inhibition (PPI) des akustischen Schreckreflexes (ASR) aufwiesen 
(Braff et al., 1978). Die PPI bezeichnet eine starke Suppression des Schreckreflexes, welche 
auftritt, wenn 30 bis 500 ms vor einem schreckauslösenden Stimulus ein schwächerer Stimulus 
ohne Schreckqualität präsentiert wird (Graham, 1975; Hoffman & Ison, 1980; siehe Abbildung 1). 
Braff et al. (1978) sahen in dem von ihnen nachgewiesenen PPI-Defizit einen Ausdruck gestörter 
früher attentionaler Filterprozesse in der Schizophrenie, die sie als sensomotorisches Gating-
Defizit bezeichneten. 
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Abbildung 1: Schematische Darstellung eines akustischen PPI-Paradigmas 
(Abdruck mit freundlicher Genehmigung von Prof. Franz X. Vollenweider, Zürich). 
 
Diese Interpretation stand im Einklang mit früheren Befunden, die zeigten, daß schizophrene 
Patienten neben beeinträchtigten kontrollierten Aufmerksamkeitsleistungen (zur Übersicht siehe 
Callaway & Naghdi, 1982) auch in der automatischen Filterung irrelevanter sensorischer Reize 
Defizite aufwiesen (McGhie & Chapman, 1961; Venables, 1960). Bereits die Begründer der 
modernen Psychiatrie, Erwin Kraepelin und Eugen Bleuler, hatten zu Beginn des 20. Jahrhundert 
erkannt, daß Störungen der Aufmerksamkeit zum Wesen schizophrener Erkrankungen gehören 
(Bleuler, 1911; Kraepelin, 1909). Bis heute werden Störungen der automatischen und 
kontrollierten Aufmerksamkeit als ein Kernsymptom der Schizophrenie erachtet. Die Befunde zu 
den PPI-Defiziten schizophrener Patienten trugen mit dazu bei, die Schizophrenie als eine 
Filterstörung zu verstehen, nach der die Erkrankten an einer stark beeinträchtigenden sensorischen 
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Reizüberflutung leiden (Braff et al., 1978; 1992; Nuechterlein & Dawson, 1984; Nuechterlein et 
al., 1994). 
Da die PPI in homologer Weise in allen höher entwickelten Spezies auftritt, lassen sich die 
zugrundeliegenden neurobiologischen Mechanismen im Tiermodell gut untersuchen (Braff & 
Geyer, 1990). Aufgrund solcher Tiermodelle wissen wir heute, daß die PPI durch ein cortico-
striato-pallido-pontines (CSPP) Netzwerk reguliert wird, welches frontale und mediotemporale 
Hirnareale, das ventrale Striatum, das ventrale Pallidum und pontine Bereiche des Hirnstamms 
mit einbezieht (Koch, 1999). Abbildung 2 faßt die bisherigen Befunde zur strukturellen 
Aufklärung des CSPP-Netzwerkes der PPI schematisch zusammen.  
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Abbildung 2: Hypothetischer cortico-striataler-pallido-pontiner (CSPP) Kreislauf der die Präpuls-Inhibition 
(PPI) des akustischen Schreckreflexes bei der Ratte moduliert (modifiziert nach Koch, 1999). Die unteren 
weißen Boxen repräsentieren den primären akustischen Reflexbogen. Die dunklen Boxen symbolisieren Zentren 
die an der Regulation der PPI beteiligt sind, die helleren Boxen symbolisieren Hirnregionen die an der 
Modulation (Erhöhung oder Verschlechterung) der PPI teilhaben können. Abbkürzungen: ACh, Acetylcholin; 
DA, Dopamin; GABA, Gamma-Aminobuttersäure; Glu, Glutamat; 5-HT, Serotonin; +, excitatorische; -, 
inhibitorische Transmitterwirkung; ?, direkte Interaktion ist noch unbekannt (Abdruck mit freundlicher 
Genehmigung von Prof. Michael Koch, Bremen, und Elsevier). 
 
Es wurde postuliert, daß das PPI-Defizit und damit der beeinträchtigte sensomotorische 
Filterprozeß in der Schizophrenie ein Teil der neuroanatomischen und neurochemischen 
Aberrationen der Erkrankung widerspiegelt (Geyer & Braff, 1987; Swerdlow et al., 1986; 1999). 
Die Erforschung der PPI könnte somit dazu beitragen, die neurobiologischen Grundlagen der 
Schizophrenie und möglicherweise auch anderer neuropsychiatrischer Erkrankungen zu 
ergründen. PPI-Defizite sind nicht spezifisch für die Schizophrenie, sondern sie wurden auch bei 
der Bipolaren Störung, der Zwangsstörung, dem Tourette-Syndrom und der Chorea Huntington 
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konsistent nachgewiesen (zur Übersicht siehe Quednow, 2008). Es stellt sich daher die Frage, ob 
es sich hierbei um eine Art neurobiologische Überlappung zwischen diesen Erkrankungen 
handelt, oder ob unterschiedliche neurobiologische Veränderungen innerhalb des CSPP-
Kreislaufes dafür verantwortlich sein könnten (Geyer, 2006). 
Ich habe mich in meinen zur Habilitation eingereichten Arbeiten aus verschiedenen Blickwinkeln 
dem Phänomen des sensomotorischen Gatings genähert. Zum einen versuchte ich das PPI-
Paradigma methodisch zu verbessern und die Auswirkungen der Manipulation verschiedener 
Mess- und Stimulationsbedingungen zu erforschen (Csomor et al., 2006; 2008; Quednow et al., 
2006a). Des Weiteren untersuchte ich das sensomotorische Gating bei verschiedenen 
psychiatrischen Erkrankungen, wie der Schizophrenie, der Zwangsstörung, der Majoren 
Depression und bei Suizidalität, sowie bei nichtabhängigen Drogenkonsumenten (Hoenig et al., 
2005; Quednow et al., 2004a; 2006b; 2006c; 2008b). Zusätzlich näherte ich mich den 
neurobiologischen Grundlagen des veränderten sensomotorischen Gatings, indem ich die 
psychopharmakologische und genetische Beeinflußbarkeit der PPI analysierte (Quednow et al., 
2004b; 2006b; 2008a; 2008c; 2008d; Vollenweider et al., 2007). Zuletzt habe ich versucht, meine 
Forschungserfahrungen zum sensomotorischen Gating in einem ausführlichen Übersichtsartikel 
zusammenzufassen (Quednow, 2008). Im Folgenden möchte ich die wichtigsten 
Forschungsergebnisse dieser Arbeiten in einer kurzen Aufzählung darstellen: 
 
1. Einer meiner wichtigsten Befunde ist sicherlich, daß die sensomotorische Filterleistung 
schizophrener Patienten schon vor dem Ausbruch des Vollbildes einer schizophrenen 
Psychose beeinträchtigt ist. Wir konnten nachweisen, daß die PPI bereits im Prodrom einer 
Schizophrenie erniedrigt ist, während sich andere Parameter, wie die Schreckreaktivität oder 
die Habituation, erst nach Ausbruch der Erkrankung verschlechtern (Quednow et al., 
2008b). Bislang war es nicht klar, ob das PPI-Defizit schizophrener Patienten ein Symptom 
(State) der Erkrankung darstellt oder ob es sich um ein zeitstabiles und damit bereits 
prämorbid vorhandenes Merkmal (Trait) handelt. Unser Ergebnis stützt somit die 
Sichtweise, daß es sich bei der PPI um einen sogenannten Endophänotyp der Schizophrenie 
handelt (Gottesman & Gould, 2003). Endophänotypen sind Gen-nahe und damit vererbbare 
stabile biologische Merkmale, die einerseits zur Exploration der genetisch-
neurobiologischen Basis komplexer Krankheitsphänotypen herangezogen werden und die 
andererseits auch zur Prädiktion dieser Erkrankungen genutzt werden können. Auch wenn 
die PPI aufgrund ihrer geringen Spezifität alleine sicherlich nicht zur Vorhersage eines 
Erkrankungsrisikos geeignet ist, so wäre ihr unterstützender Einsatz zur Verbesserung der 
Vorhersagesicherheit der bisher angewendeten psychometrischen Verfahren überlegenswert. 
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2. Daß es sich bei der PPI um ein vererbliches Merkmal handelt, wird zusätzlich durch zwei 
meiner weiteren Befunde gestützt, die zeigen, daß bestimmte Single Nucleotide 
Polymorphisms (SNPs) des serotonergen und dopaminergen Systems die Variation der PPI 
schizophrener Patienten modulieren. Wir wiesen nach, daß die gekoppelten Serotonin-2A 
(5-HT2A) A-1438G und T102C Rezeptorpolymorphismen sowie der Catechol O-
Methyltransferase (COMT) Val158Met Polymorphismus das sensomotorsiche Gating 
schizophrener Patienten beeinflussen (Quednow et al., 2008c; 2008d). Dies ist insofern 
bemerkenswert, da diese Polymorphismen einerseits auch als Suszeptibilitätsgene der 
Schizophrenie diskutiert werden (Harrison & Weinberger, 2005) und anderseits sowohl der 
5-HT2A-Rezeptor als auch die dopaminerge Neurotransmission – welche die COMT stark 
beeinflußt – in der Vermittlung der PPI eine große Rolle spielen (Geyer et al., 2001). Die 
Aufklärung der genetischen Basis der PPI-Defizite schizophrener Patienten kann folglich 
mit dazu beitragen, die Ätiopathogenese dieser Erkrankung weiter aufzuklären. 
 
3. Die neurochemischen Mechanismen des sensomotorischen Gatings lassen sich aber nicht 
nur durch genetische Analysen explorieren. Durch diverse psychopharmakologische 
Belastungsproben konnten wir im Humanexperiment die Rolle verschiedener 
Transmittersysteme für die PPI beleuchten. So wiesen wir beispielsweise nach, daß die 5-
HT2A-Rezeptoren insbesondere bei der automatischen Verarbeitung des sensomotorischen 
Gatings von Bedeutung sind, da der präferentielle 5-HT2A-Agonist Psilocybin die PPI der 
Versuchspersonen bei kurzen Interstimulusintervallen zwischen Präpuls und Puls erniedrigt 
(Vollenweider et al., 2007). Sind die Prästimuli – wie bei langen Interstimulusintervallen – 
jedoch bewußt wahrnehmbar, erhöhte das Psilocybin die PPI, was durch die zusätzliche 
Wirkung des Psilocybins auf kortikale Serotonin-1A Autorezeptoren erklärt werden könnte. 
 
4. Interessanterweise lassen sich PPI-Defizite schizophrener Patienten auch durch 
Antipsychotika ohne Wirkmechanismus am serotonergen System verbessern. Hierzu 
konnten wir in der bislang einzigen längsschnittlichen, doppelblinden und kontrollierten 
Studie nachweisen, daß der reine Dopamin-D2/3 Rezeptorantagonist Amisulprid das PPI-
Defizit der schizophrenen Patienten ebenso aufhob wie der kombinierte Dopamin-D2/5-
HT2A-Rezeptoragonist Olanzapin (Quednow et al., 2006b). Das PPI-Defizit schizophrener 
Patienten ist also also nicht allein durch 5-HT2A-Rezeptorveränderungen erklärbar. 
 
5. Daß auch andere, bislang wenig beachtete Transmittersysteme eine Rolle bei den Störungen 
der frühen Informationsverarbeitung schizophrener Patienten spielen könnten, zeigen unsere 
Daten zum Einfluß von Morphin auf die PPI gesunder Probanden: Der μ-opioid 
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Rezeptoragonist Morphin verbesserte die PPI und das attentional set-shifting, und damit 
zwei Funktionen, die in der Schizophrenie gestört sind (Quednow et al., 2008a). Damit stellt 
sich zum einen die Frage, ob auch das Opioid-System einen Einfluss auf die Gating-Defizite 
in der Schizophrenie hat. Dies ist insofern von Bedeutung, da bereits Ende der 70er Jahre 
eine besondere Rolle des endogenen Opioid-Systems in der Schizophrenie diskutiert wurde. 
Zum anderen legen unsere Daten nahe, daß der μ-opioid Rezeptor möglicherweise ein 
interessantes Ziel für die Entwicklung neuer cognitive enhancer zur Bekämpfung der 
kognitiven Beeinträchtigungen in der Schizophrenie darstellt. Mittlerweile konnten die 
Ergebnisse zur Erhöhung der PPI durch Morphin auch in Mäusen repliziert werden (Abdel 
Ouagazzal, Strassbourg, persönliche Mitteilung). 
 
6. Ein weiterer wichtiger Befund meiner Arbeit besteht in der gefundenen PPI-Erhöhung bei 
intensiven Konsumenten der verbreiteten Clubdroge MDMA („Ecstasy“). Zieht man die 
Ergebnismuster früherer pharmakologischer Manipulationen der PPI zu Rate, deutet diese 
Erhöhung der PPI eher auf Veränderungen auf der Rezeptorebene des serotonergen Systems 
hin, statt auf ein neurotoxisch erzeugtes Serotonin-Defizit, wie es zuvor postuliert wurde. 
Trifft dies zu, dann wären die Veränderungen im serotonergen System von MDMA-
Konsumenten wahrscheinlich weit weniger nachhaltig, als zunächst befürchtet wurde. Wir 
gehen dieser Frage momentan in einem weiteren Forschungsprojekt nach. 
 
7. Verschiedene methodische Arbeiten zur PPI haben mit dazu beigetragen, diesen 
Mechanismus besser zu verstehen und damit auch die Messung des zugrundeliegenden 
Phänomens zu verbessern. So konnten wir zeigen, daß sich die PPI innerhalb einer 
Messung, wie auch zwischen mehreren Messungen im Abstand von acht Wochen, 
unabhängig von der Habituation des Schreckreflexes abschwächt (Quednow et al., 2006a). 
Wenn sich die PPI aber über die Zeit in ihrer Intensität verändert, möglicherweise sogar 
„habituiert“, dann unterliegt sie damit einer Form der Plastizität, die eine feste Verschaltung 
und damit einen starken Automatismus ausschließt. Die frühere Sichtweise, daß es sich bei 
der PPI um einen unflexiblen vollautomatischen Prozeß handelt (Graham, 1975), läßt sich 
damit also nicht aufrechterhalten. Angelehnt an die von Kahneman & Treisman (1984) 
vorgeschlagene Kategorisierung verschiedener Wahrnehmungsprozesse in stark 
automatische, teilweise automatische und gelegentlich automatische Prozesse, handelt es 
sich bei der PPI wahrscheinlich um einen nur teilweise automatischen Prozeß, da sich die 
PPI bei längeren (120 ms), aber nicht bei kürzeren Interstimulusintervallen (60 ms) durch 
kontrollierte Verarbeitungsprozesse modulierbar zeigt (Schell et al., 2000). Damit läuft die 
PPI wahrscheinlich primär automatisch ab, kann aber bei längeren Interstimulusintervallen 
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(>100 ms) durch höhere kognitive Prozesse wie auch durch die Häufigkeit der 
Reizverarbeitung beeinflußt werden. 
 
8. In der Zusammenarbeit mit Philipp Csomor konnte ich zusätzlich in einer translationalen 
Studie zeigen, daß Personen wie auch Mäuse mit einer hohen Schreckreaktion ein tieferes 
PPI aufweisen, als Personen oder Mäuse mit einer niedrigen Schreckreaktion (Csomor et al., 
2008). Dieser Befund ist von besonderer Wichtigkeit, da diverse Studien 
psychopathologische und psychopharmakologische Veränderungen der PPI postulierten, 
obwohl gleichzeitig auch die Schreckreaktivität in der klinischen Gruppe oder durch die 
pharmakologische Manipulation verändert war. Unserer Befund stellt damit z.B. die 
gefundenen PPI-Defizite bei Patienten mit einer Panikstörung oder Autismus in Frage 
(Ludewig et al., 2005; Perry et al., 2007) und betont die Notwendigkeit einer zumindest 
statistischen Kontrolle der Schreckreaktivität bei der Beurteilung von PPI-
Gruppenunterschieden. 
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2. Die zur kumulativen Habilitation eingereichten Arbeiten 
 
Die zur Habilitation eingereichten Arbeiten sind während meiner Tätigkeiten an der Klinik für 
Psychiatrie und Psychotherapie der Rheinischen Friedrich-Wilhelms-Universität Bonn und an der 
Psychiatrischen Universitätsklinik Zürich entstanden. Die vierzehn mit Buchstaben bezeichneten 
Publikationen sind unten aufgelistet und befinden sich unter der entsprechenden Benennung 
einzeln im Anhang. Unter den eingereichten Schriften befinden sich 10 Erstautorenschaften, zwei 
Letztautorenschaften und zwei Koautorenschaften. Eine einzige Arbeit (B) ist zusätzlich mit 
meinem Promotionsthema Neurobiologische Grundlagen kognitiver Leistungsdefizite bei MDMA-
Konsumenten assoziiert. Aufgrund des inhaltlichen Zusammenhangs habe ich sie jedoch auch 
noch den vorliegenden Habilitationsarbeiten zugeordnet. Alle weiteren Publikationen stehen in 
keinem Zusammenhang mit meiner Promotion. Dreizehn der vierzehn Artikel sind empirische 
Orginalarbeiten, während es sich der letzten Schrift um einen Übersichtsartikel (N) handelt. Bis 
auf die, in der angesehenen deutschsprachigen Zeitschrift für Neuropsychologie erschienene 
Übersichtsarbeit, sind alle Artikel in renommierten, internationalen, englischsprachigen 
Fachjournalen veröffentlicht worden. Alle Publikationen haben einen Peer-Review-Prozess 
durchlaufen. Legt man den Thomson Journal Citation Report von 2007 zugrunde, haben die 
eingereichten Arbeiten einen mittleren Impact Factor von 5.5 (Median: 5.8; Range: 2.6-8.5; 
Summe: 71.8, ohne den ungelisteten Übersichtsartikel). Der Median der eingereichten Arbeiten 
liegt damit weit über dem Median des Impact Factors der entsprechenden Kategorien Psychologie 
(1.99), Psychiatrie (2.16) und Neurowissenschaften (2.40). 
 
A Quednow BB, Kühn KU, Hoenig K, Maier W, Wagner M (2004). Effects of serotonergic and 
noradrenergic antidepressants on auditory startle response in patients with Major Depression. 
Psychopharmacology 175: 399-406. 
 
B Quednow BB, Kühn KU, Hoenig K, Maier W, Wagner M (2004). Prepulse inhibition and 
habituation of acoustic startle response in male MDMA (‘Ecstasy‘) users, cannabis users, and 
healthy controls. Neuropsychopharmacology 29: 982-90. 
 
C Hoenig K, Hochrein A, Quednow BB, Maier W, Wagner M (2005). Impaired prepulse 
inhibition of the acoustic startle response in obsessive-compulsive disorder. Biological 
Psychiatry 57: 1153-1158. 
 
D Quednow BB, Kühn KU, Beckmann K, Westheide J, Maier W, Wagner M (2006). 
Attenuation of the prepulse inhibition of the acoustic startle response within and between 
sessions. Biol Psychol 71: 256-263. 
 
E Quednow BB, Kühn KU, Westheide J, Beckmann K, Bliesener N, Maier W, Wagner M 
(2006). Sensorimotor gating and habituation of the startle response in schizophrenic patients 
randomly treated with amisulpride or olanzapine. Biol Psychiatry 59: 536-545. 
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F Quednow BB, Westheide J, Kühn KU, Werner P, Maier W, Hawellek B, Wagner M (2006). 
Normal prepulse inhibition and habituation of acoustic startle response in suicidal depressive 
patients without psychotic symptoms. J Affect Disord 92: 299-303. 
 
G Csomor PA, Yee BK, Stadler R, Quednow BB, Feldon J, Vollenweider FX (2006). The 
monotonic dependency of prepulse inhibition of the acoustic startle reflex on the intensity of 
the startle-eliciting stimulus. Behav Brain Res 174: 143-150. 
 
H Vollenweider FX, Csomor PA, Knappe B, Geyer MA, Quednow BB (2007). The effects of the 
preferential 5-HT2A agonist psilocybin on prepulse inhibition of startle in healthy human 
volunteers depend on interstimulus interval. Neuropsychopharmacology 32: 1876-1887. 
 
I Quednow BB, Csomor PA, Chmiel J, Beck T, Vollenweider FX (2008). Sensorimotor gating 
and attentional set-shifting are improved by the μ-opioid receptor agonist morphine in healthy 
human volunteers. Int J Neuropsychopharmacol 11:655-669. 
 
J Quednow BB, Frommann I, Berning J, Kühn KU, Maier W, Wagner M (2008). Impaired 
sensorimotor gating of the acoustic startle response in the prodrome of schizophrenia. Biol 
Psychiatry. In press. 
 
K Quednow BB, Kühn KU, Maier W, Mössner R, Schwab SG, Wagner M (2008). Sensorimotor 
gating of schizophrenia patients is influenced by 5-HT2A receptor polymorphisms. Biol 
Psychiatry 64: 434-437. 
 
L Quednow BB, Wagner M, Mössner R, Maier W, Kühn KU (2008). Sensorimotor gating of 
schizophrenia patients depends on catechol O-methyltransferase Val158Met polymorphism. 
Schizophr Bull. In press. 
 
M Csomor PA, Yee BK, Vollenweider FX, Feldon J, Nicolet T, Quednow BB (2008). On the 
influence of baseline startle reactivity on the indexation of prepulse inhibition. Behav 
Neurosci 122: 885-900. 
 
N Quednow BB (2008). Defizite der sensomotorischen Filterleistung bei psychiatrischen 
Erkrankungen. Z Neuropsychol 19: 139-163. 
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3. Beschreibung der Arbeiten und der erbrachten Eigenleistungen 
 
Im Folgenden werden die einzelnen zur Habilitation eingereichten Artikel näher beschrieben 
sowie die von mir geleisteten Beiträge an diesen Arbeiten im Detail aufgelistet.  
 
3.1 Beeinflusst eine Modulation der serotonergen und noradrenergen Neurotransmission das 
sensomotorische Gating? 
Obwohl sowohl im Tier als auch im Humanexperiment gezeigt worden war, daß eine direkte 
Stimulation der 5-HT2A-Rezeptoren wie auch eine indirekte Stimulation der Serotoninrezeptoren 
mittels Serotonin-Releaser die PPI erniedrigen kann, schienen selektive Serotonin-
Wiederaufnahmehemmer (SSRI) die PPI bei akuten Gaben nicht zu beeinflussen. Die Datenlage 
zu noradrenegen Substanzen war hingegen weit weniger ausgeprägt. Hier war nur bekannt, daß 
α1-Rezeptoragonisten die PPI akut erniedrigen können, während Blockaden an α1- und α2-
Rezeptoren wie auch eine Stimulation der α2-Rezeptoren keinen Einfluss auf das sensomotorische 
Gating hatten. Um den Einfluss der serotonergen und noradrenergen Neurotransmission im 
Menschen weiter zu untersuchen, starteten wir daher eine Studie, bei der wir die PPI vor und nach 
einer 2-wöchigen, randomisierten antidepressiven Behandlung mit einem SSRI (Sertralin) oder 
einem selektiven Noradrenalin-Wiederaufnahmehemmer (SNRI, Reboxetin) in einer Population 
von depressiven Patienten erhoben (Quednow et al., 2004b). Da die akuten Effekte von SSRI und 
SNRI auf die serotonerge und noradrenerge Neurotransmission relativ unklar waren (und nach 
wie vor sind) und frühere Studien mit akuten Gaben keine klaren Ergebnisse erbracht hatten, 
entschieden wir uns, die chronischen Effekte dieser Substanzen zu untersuchen. Weil wir aber 
eine Studie mit einer chronischen Gabe dieser Pharmaka an gesunden Kontrollen für unethisch 
erachteten, untersuchten wir Patienten mit einer Majoren Depression, da wir davon ausgehen 
konnten, daß diese Erkrankung keinen oder nur einen geringen Einfluss auf die gemessenen 
Parameter haben würden. Bis heute haben weder wir noch andere Arbeitsgruppen PPI-
Unterschiede zwischen Depressiven und Kontrollen nachweisen können. 
Unsere Studie zeigte, daß der SSRI die Habituation nahezu aufhob, aber keinen Einfluss auf PPI 
und Schreckreaktivität aufwies. Der SNRI hingegen erniedrigte das PPI, blieb aber ohne Einfluss 
auf Schreckreaktivität und Habituation. Beide Muster waren konsistent mit frühren Tierdaten. Ein 
interessanter Nebenbefund war, daß die Verbesserung der Schreckreaktivität den antidepressiven 
Behandlungserfolg vorhersagen konnte. Diese Ergebnisse bestätigten damit frühere Vermutungen, 
daß auch die noradrenerge Neurotransmission an der Vermittelung der PPI beteiligt ist. Zudem 
stützten wir die Hypothese, daß die Habituation ein primär serotonerger Mechanismus ist.  
Das Studiendesign dieser Arbeit wurde von Dr. Kai-Uwe Kühn, Prof. Michael Wagner und mir 
erarbeitet. Die Implementierung des PPI-Paradigmas, die Aufarbeitung der EMG-Daten sowie das 
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Verfassen des Artikels oblagen ausschliesslich mir. Dr. Klaus Hönig unterstützte mich in der 
Datenverarbeitung und der statistischen Auswertung, welche aber primär von mir geleistet wurde. 
Die Rekrutierung und Messung der Patienten teile ich mir mit Dr. Richard Stelzenmüller. Prof. 
Maier finanzierte die Studie teilweise aus Klinikmitteln. Die Medikation wurde von Pharmacia-
Upjohn, Deutschland, zur Verfügung gestellt. 
 
3.2 Leiden Ecstasy-Konsumenten an einem Serotonin-Defizit? 
Seit langem stellt sich die Frage, ob Konsumenten der Clubdroge Ecstasy (3,4-Methylen-
dioxymethamphetamin, MDMA) einen bleibenden Schaden am serotonergen System erleiden, 
wie es Tierversuche vermuten lassen. MDMA führte in Experimenten mit Ratten oder nicht-
menschlichen Primaten zu einem nachhaltigen Verlust serotonerger Axonterminalen, 
insbesondere im frontalen Kortex und in mediotemporalen Arealen. Dieser Effekt ist aber beim 
Menschen bisher nicht sicher nachgewiesen worden. Allerdings zeigen MDMA-Konsumenten 
auffällige Beeinträchtigungen ihrer kognitiven Leistungsfähigkeit, doch könnten neben dem 
vermuteten Serotonin-Defizienz-Syndrom ebenso Veränderungen auf der Rezeptorebene hierfür 
verantwortlich sein. Um diese Hypothese zu testen, haben wir MDMA-Konsumenten, Cannabis-
Konsumenten und drogenunerfahrene Kontrollen mit einem PPI-Paradigma untersucht (Quednow 
et al., 2004a). Ein Serotonin-Defizienz-Syndrom sollte den Tierdaten nach ein massives PPI-
Defizit erwarten lassen. Die MDMA-Konsumenten zeigten aber eine Erhöhung der PPI gegenüber 
den Cannabis-Konsumenten wie auch den Kontrollen. Dieses Muster weist damit eher auf eine 
Veränderung auf der Rezeptorebene hin. Dies könnte bedeuten, daß MDMA-Konsumenten keinen 
nachhaltigen Schaden am Serotonin-System erleiden, sondern daß ihre kognitiven Defizite infolge 
kurzfristiger und in der Regel nicht nachhaltiger Rezeptorveränderungen entstehen. Wir gehen 
dieser Frage derzeit mittels einer neuartigen bildgebenden Methode nach, mit der wir in der Lage 
sind, sowohl Veränderungen der 5-HT2A-Rezeptordichte als auch die serotonerge 
Ausschüttungskapazität zu untersuchen. 
Die vorliegende Arbeit ist die einzige, die im Rahmen meiner Promotion entstanden ist. Aufgrund 
der thematischen Nähe habe ich sie dennoch mit in die kumulative Habilitation integriert. 
Die Idee zu dieser Forschungsarbeit stammte von mir und das Design sowie die gesamte 
Umsetzung des Projektes lagen ausschliesslich in meinen Händen. Alle Probanden wurden allein 
durch mich untersucht. Bei der Aufbereitung und Auswertung der Daten habe ich auf frühere 
Routinen von Dr. Klaus Hönig zugegriffen, die Auswertungsstrategie stammt jedoch allein von 
mir. Das Manuskript wurde ebenfalls von mir selbstständig verfasst. Dr. Kühn und Prof. Wagner 
standen mir beratend zur Seite. Prof. Maier hat die Studie aus Klinikmitteln finanziert. 
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3.3 Ist die Präpuls-Inhibition auch bei Patienten mit einer Zwangsstörung erniedrigt? 
Einige – zum Teil sehr unterschiedliche – neuropsychiatrische Erkrankungen, wie die 
Schizophrenie, die schizotype Persönlichkeitsstörung, Morbus Huntington und das Tourette-
Syndrom, zeigen auffällige Gemeinsamkeiten in Bezug auf kognitive, motorische und 
sensomotorische Defizite der Patienten. Aus diesem Grund vermutet man bei allen diesen 
Patienten eine Störung innerhalb des cortico-striato-pallido-pontinen (CSPP) Netzwerkes, welches 
auch in der Prozessierung der PPI eine zentrale Rolle spielt. Bei der Zwangsstörung werden 
ähnliche kognitive und motorische Defizite wie bei den oben genannten Erkrankungen beobachtet 
und ein vorläufiger Befund deutete zudem auf eine veränderte PPI hin. Daher untersuchten wir 
eine vergleichsweise große Stichprobe von 30 Zwangspatienten sowie 30 gesunden 
Kontrollpersonen, um das sensomotorische Gating beider Gruppen zu vergleichen (Hoenig et al., 
2005). Die Zwangspatienten zeigten wie erwartet eine stark verminderte PPI, jedoch keine 
Veränderung der Schreckreaktion oder der Habituation. Dieser Befund bestätigte damit die 
Sichtweise eines zentralen Inhibitionsdefizites in der Zwangsstörung. Zusätzlich unterstützt dieses 
Ergebnis auch die Annahme, daß beeinträchtigte frontostriatale Kreisläufe zur Pathophysiologie 
der Erkrankung beitragen. 
Die Idee zu dieser Arbeit wie auch ihre methodische Umsetzung wurde von Prof. Wagner 
entwickelt. Dr. Hönig und Dr. Andrea Hochrein haben die Probanden rekrutiert und erhoben. Bei 
der statistischen Auswertung habe ich Dr. Hönig insbesondere im Hinblick auf die 
pharmakologischen Fragestellungen unterstützt. Dies gilt in ähnlicher Weise für das Manuskript. 
Bei seiner Ausarbeitung habe ich Dr. Hönig eingehend beraten und besonders die 
tierexperimentelle Herleitung unterstützt. So gehen große Teile der Methodik wie auch der 
Diskussion inhaltlich auf meine Anregungen zurück.  
 
3.4 Habituiert die Präpuls-Inhibition? 
In den Anfängen der PPI-Forschung nahm man zunächst an, daß die PPI einen festverschalteten 
und vollautomatischen Mechanismus darstellt. Mehrere Befunde deuten aber mittlerweile darauf 
hin, daß die PPI durchaus einer gewissen Veränderlichkeit unterliegt. So konnte gezeigt werden, 
daß die Hinwendung der Aufmerksamkeit auf den Präpuls die PPI intensivieren kann. Dies trifft 
allerdings nur auf längere Interstimulusintervalle (>100 ms) zu. Des Weiteren schien die PPI im 
Laufe einer Test-Sequenz mit mehreren Präpuls-Puls-Paarungen auch unabhängig von der blossen 
Habituation des Schreckreflexes sukzessive abzunehmen. Daher konstruierten wir eine Test-
Session mit einer vergleichsweise hohen Anzahl von Präpuls-Puls-Paarungen (36 Trials) und 
applizierten diese gesunden Versuchspersonen zu drei Messzeitpunkten im Abstand von 4 
Wochen (Quednow et al., 2006a). Wir konnten damit zeigen, daß die PPI sowohl innerhalb einer 
Session wie auch über die verschiedenen Messzeitpunkte hinweg abnahm. Trotz dieser Abnahme 
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zeigte sich die PPI aber als hoch reliabel, d.h. die PPI ist damit zwar ein reliables aber kein 
stabiles Maß (vergleichbar mit der Messung der Schreckreaktion, die infolge der Habituation über 
mehrere Durchgänge ebenfalls abnimmt, aber trotzdem reliabel ist). Wenn sich die PPI aber über 
die Zeit in ihrer Intensität verändert, möglicherweise sogar „habituiert“, dann unterliegt sie damit 
einer Form der Plastizität, die eine feste Verschaltung und damit einen starken Automatismus 
ausschließt. Dieser Befund hat eine große praktische Bedeutung, insbesondere für die klinisch-
pharmakologische PPI-Forschung. Versucht man nämlich, pharmakologische Effekte auf die PPI 
zu untersuchen, so testet man stets gegen die potentielle Habituation der PPI an. Dies könnte ein 
Grund dafür sein, daß verschiedene Prä-Post-Studien nicht den zuvor angenommen verbessernden 
Effekt antipsychotischer Medikation auf die PPI schizophrener Patienten nachweisen konnten. 
Die meisten dieser Studien hatten keine gesunde Kontrollgruppe, so daß unklar blieb, wie die PPI 
ohne Medikation verlaufen wäre. Unsere Ergebnisse bestätigen damit noch einmal die unbedingte 
Notwendigkeit einer unmedizierten Kontrollgruppe, bei der klinischen Untersuchung von 
Pharmaeffekten auf die PPI. Zuletzt legen unsere Befunde auch nahe, daß man einzelne Personen 
nicht zu oft in verschiedene PPI-Studien einschließen sollte, da mit jeder Messung die PPI 
abnimmt. 
Diese Studie war ein Pilotprojekt zu einer größeren klinischen Pharmako-PPI-Studie (siehe 
nächster Abschnitt). Die Idee dieses Projektes stammte von mir. Die Planung, die Umsetzung, die 
Datenaufarbeitung, die statistische Auswertung und das Verfassen des Manuskriptes wurden 
durch mich geleistet. Katrin Beckmann und Dr. Jens Westheide halfen mir bei der Rekrutierung 
und Erhebung der Probanden. Die Finanzierung des Projektes erfolgte aus den Mitteln einer 
Industrie-geförderten Pharmastudie, die ursprünglich von PD Dr. Kühn, Prof. Maier und Prof. 
Wagner entworfen und beantragt wurde. 
 
3.5 Verbessern atypische Antipsychotika die Präpuls-Inhibition schizophrener Patienten über 
einen Serotonin-2A-Rezeptorantagonismus? 
Inwieweit die Medikation einen Einfluß auf die PPI schizophrener Patienten hat, ist bis heute 
Gegenstand intensiver Diskussionen. Da das gestörte sensomotorische Gating als Ursache für 
positive, negative und kognitive Symptome der Schizophrenie postuliert wurde und da sich im 
Tierversuch pharmakologisch induzierte PPI-Defizite durch Antipsychotika verhindern oder 
aufheben lassen, sollte man zunächst annehmen, daß eine antipsychotische Behandlung, neben der 
Verminderung der schizophrenen Symptomatik, auch die PPI verbessert. Die Studienlage hierzu 
war aber recht uneinheitlich. Eine Reihe von querschnittlichen Untersuchungen berichtete, daß 
stabil mit modernen, atypischen Antipsychotika behandelte schizophrene Patienten normale PPI-
Werte aufwiesen, während Patienten, welche mit klassischen, typischen Antipsychotika behandelt 
wurden, weiterhin eine defiziente PPI offenbarten. Insbesondere das Atypikum Clozapin zeigte in 
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diesen Studien einen stark verbessernden Einfluss auf die PPI der Patienten. Es wurde daraufhin 
postuliert, daß insbesondere dem starken 5-HT2A-Antagonismus des Clozapins dieser PPI-
verbessernde Effekt zuzuschreiben sei. Auf der anderen Seite zeigten eine Anzahl 
querschnittlicher Studien wie auch zwei der wenigen längsschnittlichen Studien, daß stabil mit 
Typika oder Atypika behandelte Patienten weiterhin ein PPI-Defizit präsentierten, obwohl sich 
ihre schizophrene Symptomatik gebessert hatte. Insbesondere die längsschnittlichen Studien 
besaßen jedoch einen entscheidenden Nachteil: sie verfügten über keine unmedizierte 
Kontrollgruppe, so daß das Fehlen eines Medikationseffektes nur schwer interpretiert werden 
konnte, da eine mögliche Abschwächung der PPI über die Messzeitpunkte hinweg, potentielle 
Medikationseffekte hätte maskieren können. 
Aus diesen Gründen entwarfen wir eine längsschnittliche klinische Studie, mit der wir einerseits 
prüfen wollten, ob Atypika die PPI schizophrener Patienten verbessern (Quednow et al., 2006b). 
Anderseits wählten wir die Prüfsubstanzen so aus, daß wir zusätzlich die Frage beantworten 
konnten, ob der 5-HT2A-Antagonismus mancher Atypika dabei eine entscheidende Rolle spielt. 
Diese Studie ist nach wie vor die einzige ihrer Art, welche ein randomisiertes, kontrolliertes, 
doppel-blindes und längsschnittliches Prä-Post-Design zur klinischen Untersuchung von 
Medikationseffekten auf die PPI umsetzte. Wir verglichen dabei das Clozapin-ähnliche 
Olanzapin, ein Atypikum mit einem kombinierten 5-HT2A/Dopamin-D2-Antagonismus, mit dem 
Atypikum Amisulprid, welches ein reiner Dopamin-D2/D3-Antagonist ist. Die schizophrenen 
Patienten wurden vor, sowie vier und acht Wochen nach der Behandlung mit einer der beiden 
Substanzen untersucht. Zusätzlich wurde eine gesunde und unmedizierte Kontrollgruppe über 
denselben Zeitraum hinweg beobachtet. 
Wir konnte mit dieser Studie zum einen zeigen, daß beide Atypika das zu Beginn der Studie 
bestehende signifikante PPI-Defizit unserer Patienten aufheben konnten. Allerdings unterschieden 
sich beide Substanzen nicht in ihrer Wirksamkeit das PPI wiederherzustellen, was der 
ursprünglichen Hypothese widersprach, daß ein 5-HT2A-Antagonismus eine notwendige 
Bedingung für diese Wirkung sei. Wir vermuteten daher, daß der einzige geteilte 
Wirkmechanismus beider Substanzen, der D2-Antagonimus, für die PPI-Verbesserung 
verantwortlich gewesen sein mußte. 
Diese Untersuchung war ein Teil einer größeren Industrie-gesponserten Studie zur Wirkung der 
Atypika auf die Kognition schizophrener Patienten. Die Idee, die Studie um die PPI zu erweitern, 
stammte von Prof. Michael Wagner und mir. Die Rekrutierung der Patienten und die Erhebung 
der Daten wurden von Dr. Jens Westheide, Katrin Beckmann und mir geleistet. Der 
Neuroendokrinologe Dr. Niclaas Bliesener untersuchte die Hormonprofile, die aber in dieser 
Studie keine Verwendung fanden. Er wurde für seinen Einsatz aber dennoch als Koautor 
berücksichtigt. Die Aufarbeitung und Analyse der PPI-Daten sowie das Schreiben des 
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Manuskriptes lagen allein in meiner Verantwortung. Die Finanzierung des Projektes erfolge aus 
den Mitteln einer Industrie-geförderten Pharmastudie, die ursprünglich von Dr. Kühn, Prof. Maier 
und Prof. Wagner entworfen und beantragt wurde. 
 
3.6 Ist die Präpuls-Inhibition ein möglicher Prädiktor für Suizidalität? 
Nahezu alle psychiatrischen Erkrankungen zeigen ein erhöhtes Suizidrisiko. Diese erhöhte 
Suizidalität trägt mit dazu bei, daß z.B. die Majore Depression oder die Schizophrenie als 
potentiell tödliche Erkrankungen anzusehen sind, an denen ca. 10-20% der an ihnen erkrankten 
Patienten versterben. Man sucht daher seit langem nach geeigneten biologischen Markern, um die 
Suizidalität von psychiatrischen Patienten vorherzusagen und damit die Vollendung des Suizids 
verhindern zu können. 
Es wird vielfach angenommen, daß eine verminderte serotonerge Aktivität zur Diathese suizidaler 
Handlungen beiträgt. Da aber Tierstudien auch gezeigt hatten, daß eine verminderte serotonerge 
Neurotransmission die PPI erniedrigen kann, untersuchten wir zum ersten Mal, ob die PPI 
suizidaler depressiver Patienten möglicherweise erniedrigt ist. Zu diesem Zweck erhoben wir die 
PPI, Habituation und Schreckreaktivität bei 20 depressiven Patienten mit mindestens einem 
Suizidversuch in den letzten drei Monaten sowie bei 18 gematchten gesunden Kontrollprobanden 
(Quednow et al., 2006c). Wir konnten jedoch keine veränderte PPI bei diesen suizidalen Patienten 
finden. Es ergaben sich auch keine Zusammenhänge zwischen der Impulsivität der Versuche, der 
Trait-Impulsivität, der Schwere der Depression, der potentiellen Letalität der Suizidversuche oder 
der Anzahl der Versuche und der PPI der Patienten, so daß unsere Hoffnungen, mit der PPI 
möglicherweise einen Prädiktor für suizidales Verhalten zu finden, leider nicht erfüllt wurden. 
Die Studie war ein Teil des grossangelegten Kompetenznetzes Depression und Suizidalität. Die 
Integration des PPI-Paradigmas innerhalb der Bonner Erhebung ging auf den Vorschlag von Prof. 
Michael Wagner und mir zurück. Die Patienten wurden von Petra Werner und Dr. Jens Westheide 
rekrutiert. Jens Westheide hat zudem alle Messungen der Patienten vorgenommen. Die 
Bearbeitung und statistische Analyse der PPI-Daten wurden von mir durchgeführt und auch das 
Schreiben des Artikels oblag meiner Person. 
 
3.7 Wie hängen Schreckreaktion und Präpuls-Inhibition zusammen? Teil I 
Hatte man in früheren methodologischen Studien bereits herausgefunden, daß die Modalität des 
Stimulus, die Intensität des Präpulses, das Vorhandensein eines Hintergrundrauschens, der 
Abstand zwischen Präpuls und Puls, wie auch die Intensität des Präpulses die Höhe der PPI 
beeinflussen können, so war bislang nicht bekannt, ob auch eine Variation der Stärke des 
schreckauslösenden Reizes die PPI verändert. Das erste Gesetz der Reflexmodifikation von 
Hoffman und Ison sagte allerdings voraus, daß die Inhibition des Schreckreflexes durch den 
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Präpuls nur von der Stärke des Präpulses, nicht aber von der Intensität des schreckauslösenden 
Pulses abhängt. Erste Tierdaten von unseren Kooperationspartnern Dr. Benjamin Yee und Prof. 
Joram Feldon zeigten aber, daß die PPI bei Mäusen absank, je lauter der schreckauslösende 
akustische Stimulus war. Wir untersuchten dieses Phänomen nun in einer Population gesunder 
Kontrollprobanden und konnten nachweisen, daß sich die PPI beim Menschen ebenfalls monoton 
verminderte, je lauter der Schreckreiz war (Csomor et al., 2006). Dies zeigt zum einen, daß das 
erste Gesetz der Reflexmodifikation von Hoffman und Ison modifiziert werden muss. Zum 
anderen betont diese Studie, daß die Höhe der Schreckreaktivität sehr wohl einen Einfluss auf die 
PPI hat (siehe auch Abschnitt 3.13). Dies ist insofern von grosser Bedeutung, da verschiedene 
klinische Studien z.B. bei Panikpatienten oder Autisten sowohl Veränderungen der PPI als auch 
der Schreckreaktion berichtet hatten, aber aufgrund mangelnder Korrelationen zwischen beiden 
Parametern davon ausgingen, daß diese Veränderungen unabhängig voneinander seien. Unsere 
Daten zeigen aber, daß hier trotzdem ein Einfluss der Schreckreaktivität auf die PPI vorgelegen 
haben könnte, so daß die Conclusio der Autoren, daß z.B. Panikpatienten oder Autisten ebenfalls 
ein PPI-Defizit ausweisen, in Frage gestellt werden muss. 
Dr. Philipp Csomor, Dr. Benjamin Yee und ich arbeiteten zusammen den Studienplan aus. René 
Stadler rekrutierte und untersuchte die gesunden Probanden. Philipp Csomor bereitete die PPI-
Daten auf und analysierte den Datensatz federführend, zog aber dabei auch Benjamin Yee und 
mich immer wieder zu Rate. Philipp Csomor schrieb ebenfalls das Manuskript, welches von 
Benjamin Yee, Joram Feldon und mir überarbeitet und korrigiert wurde. Prof. Franz Vollenweider 
sicherte die Finanzierung und die Infrastruktur zu dieser Studie. 
 
3.8 Welche Rolle spielt der Serotonin-2A-Rezeptor bei der Verarbeitung der PPI? 
Tierexperimente mit Serotonin-agonistischen Halluzinogenen wie DOI, DOB, MeO-DMT oder 
LSD legten nahe, daß 5-HT2A-Rezeptoren eine bedeutende Rolle bei der Verarbeitung der PPI 
spielen müssen, da diese Substanzen die PPI stark verminderten, diese Reduktion durch selektive 
5-HT2A-Rezeptorantagonisten aber wieder aufgehoben werden konnte. Interessanterweise zeigte 
das einzige Humanexperiment ein gegenteiliges Bild. Der halluzinogene 5-HT2A/1A-
Rezeptoragonist Psilocybin erhöhte die PPI bei gesunden Versuchspersonen. Dieser Befund stellte 
damit unter anderem die Translationalität der PPI in Frage, die eigentlich als besonderer Vorteil 
dieses Maßes gehandelt wird. Des Weiteren wurde durch diesen widersprüchlichen Befund die 
Hypothese gefährdet, daß 5-HT2A-Rezeptoren auch eine Rolle bei den sensomotorischen Gating-
Defiziten in der Schizophrenie spielen. Aus diesem Grund untersuchten wir in einer Placebo-
kontrollierten und gekreuzten Dosis-Wirkungs-Studie den Effekt des 5-HT2A/1A-
Rezeptoragonisten Psilocybin auf die PPI gesunder Versuchspersonen (Vollenweider et al., 2007). 
Im Gegensatz zu früheren Tier- und Humanstudien verwendeten wir allerdings ein PPI-Paradigma 
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mit abgestuften Interstimulusintervallen, was sich als besonderer Vorteil erweisen sollte. Wir 
fanden heraus, daß Psilocybin bei kurzen Interstimulusintervallen die PPI, ähnlich wie im 
Tierversuch, erniedrigte, bei längeren Interstimulusintervallen aber, wie zuvor im Humanversuch 
gezeigt, erhöhte. Diese Verminderung zeigte sich jedoch nur in dem Interstimulusintervall, bei 
dem die PPI ausschliesslich automatisch verarbeitet werden kann (30 ms), während die Erhöhung 
nur bei Interstimulusintervallen auftrat, welche einer bewussten Verarbeitung zugänglich sind, da 
hier Präpuls und Puls akustisch unterschieden werden können (>120 ms). Dies liess uns vermuten, 
daß bei der automatischen, wahrscheinlich primär subkortikalen Verarbeitung der PPI, eher die 5-
HT2A-agonistische Wirkung des Psilocybins eine Rolle spielt, während bei der kontrollierten, 
durch kortikale Bereiche beeinflussten Verarbeitung nun auch der 5-HT1A-Agonismus der 
Substanz zum Tragen kommt. Tatsächlich scheint eine Stimulation der 5-HT1A-Rezeptoren die 
Stimulation von 5-HT2A-Rezeptoren nur im Neokortex zu antagonisieren, wie Tierversuche 
gezeigt haben. Zusätzlich konnten wir nachweisen, daß die Aufmerksamkeitsleistung der 
Probanden in analoger Weise abnahm, in der auch das PPI vermindert wurde. Dies deutet auf eine 
ähnliche Kopplung der PPI mit nachfolgenden Aufmerksamkeitsprozessen hin, wie sie zuvor für 
die PPI- und Aufmerksamkeits-Defizite in der Schizophrenie postuliert wurde. Unsere Befunde 
legen damit nahe, daß auch 5-HT2A-Rezeptorveränderungen bei den Gating-Defiziten in der 
Schizophrenie eine grosse Rolle spielen könnten. Wir konnten diese Hypothese später durch 
genetische Befunde weiter erhärten (siehe unten). 
Die Rekrutierung der Probanden sowie die Datenerhebung wurden von Bernhard Knappe 
vorgenommen. Die Vorverarbeitung der elektrophysiologischen Daten leistete Philipp Csomor, 
während ich primär die neuropsychologischen Daten aufarbeitete. Die statistische Analyse wurde 
gemeinsam von Prof. Franz Vollenweider und mir vorgenommen. Ähnliches gilt für das 
Schreiben des Manuskriptes, das ebenfalls von Franz Vollenweider und mir zusammen 
gewährleistet wurde. Prof. Mark Geyer hat uns in allen Bereichen mit seiner grossen Erfahrung 
ratgebend zur Seite gestanden und das Manuskript überarbeitet. 
 
3.9 Hat das Opioid-System auch einen Einfluss auf die PPI? 
Daß nicht nur das serotonerge, dopaminerge und glutamaterge System an der Vermittlung des 
sensomotorischen Gatings beteiligt ist, verdeutlichten jüngste Tierstudien, welche zeigten, daß 
auch opioiderge Substanzen die PPI beeinflussen können. Dies ist insofern interessant, da man 
bereits in den siebziger Jahren die „Opioid-Hypothese“ der Schizophrenie aufstellte, welche aber 
nach einigen klinischen Misserfolgen mit opioidergen Substanzen in den letzten Jahren nur noch 
wenig Beachtung fand. Trotzdem fragten wir uns, ob die im Tierversuch beobachte Erhöhung der 
PPI nach einer Stimulation der mu-opioid Rezeptoren auch im Menschen zu beobachten sein 
würde. Wir untersuchten daher die Wirkung des selektiven mu-opioid-Rezeptoragonisten 
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Morphin auf die PPI und auf höhere kognitive Prozesse bei 18 gesunden Probanden (Quednow et 
al., 2008a). Das Design war auch in dieser Studie Placebo-kontrolliert und gekreuzt. Es zeigte 
sich, daß Morphin tatsächlich die PPI über alle Bedingungen hinweg erhöhte. Zusätzlich 
beobachteten wir, daß Morphin die Fehlerraten in einem attentional set-shifting task verbesserte, 
andere kognitive Domänen – wie Gedächtnis, Vigilanz und exekutive Funktionen – aber 
unbeeinflusst ließ. Auch hier fanden wir eine Assoziation zwischen der Erhöhung der PPI und der 
Verbesserung beim attentional set-shifting. Diese Befunde deuten klar darauf hin, daß die PPI wie 
auch das attentional set-shifting auch durch opioiderge Substanzen beeinflussbar sind. Weitere 
Studien müssen allerdings erhellen, ob es sich hierbei um einen mittelbaren oder unmittelbaren 
Effekt handelt, d.h. ob das Opioid-System hier mit anderen Neurotransmittersystemen interagiert, 
oder ob die mu-opioid Rezeptoren direkt in die Verarbeitung der PPI eingebunden sind. Unsere 
Ergebnisse sind auch für die Schizophrenieforschung von Bedeutung, da schizophrene Patienten 
sowohl in der PPI als auch im attentional set-shifting Beeinträchtigungen zeigen. Zudem nimmt 
man an, daß Substanzen, die das PPI erhöhen, auch eine antipsychotische Wirksamkeit haben 
können. Dies lässt vermuten, daß der mu-opioid-Rezeptor möglicherweise ein interessantes Ziel 
für die Entwicklung neuer antipsychotischer Substanzen oder sogenannter cognitive enhancer für 
die Schizophrenie sein könnte. Wir versuchen nun den Einfluss des Opioid-Systems auf die PPI 
schizophrener und gesunder Personen über genetische Analysen weiter zu untersuchen. 
Die Idee zu dieser Studie hatten ursprünglich Franz Vollenweider und Thilo Beck. Die 
Ausarbeitung und Umsetzung dieses Projektes lag in meiner alleinigen Verantwortung. Die 
Rekrutierung und Messung der Probanden wurde von Joelle Chmiel und mir geleistet. Die 
Datenvorverarbeitung wurde von Philipp Csomor und mir erbracht. Die komplette Analyse des 
Datensatzes sowie das Schreiben der Publikation wurden von mir allein vorgenommen. Franz 
Vollenweider organisierte zusätzlich noch die Finanzierung durch ein Schweizer 
Pharmaunternehmen. 
 
3.10 Wann treten die Präpuls-Inhibitions-Defizite schizophrener Patienten auf? 
Nachdem konsistent PPI-Defizite bei schizophrenen Patienten nachgewiesen werden konnten, 
stellte sich die Frage, ob dieses PPI-Defizit nun ein stabiles (Trait) oder zeitveränderliches (State) 
Merkmal dieser Patienten ist. Zunächst fanden einige Forscher Korrelationen zwischen der Stärke 
der schizophrenen Symptomatik und der PPI, was für ein symptomabhängiges und damit 
zeitveränderliches Merkmal sprach. Die Mehrzahl der Studien konnten solche Assoziationen aber 
nicht replizieren und auch wir fanden bei unseren schizophrenen Patienten keinen Zusammenhang 
zwischen PPI und Symptomausprägung. Zudem sind Messungen der PPI trotz großer 
paradigmatischer Unterschiede sowohl bei Gesunden als auch bei schizophrenen Patienten 
hochreliabel, was eher für ein stabiles Merkmal spricht. Zusätzlich konnten Studien an nicht-
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erkrankten Angehörigen schizophrener Patienten nachweisen, daß auch diese eine erniedrigte PPI 
besitzen. Diese Ergebnisse legten nahe, daß die PPI eine starke genetische Komponente haben 
muss. Nicht zuletzt aufgrund dieser Befunde wurde die PPI als Endophänotyp, d.h. als stabiles, 
Gen-nahes biologisches Merkmal der Schizophrenie vorgeschlagen. 
Um der Frage weiter nachzugehen, ob das PPI-Defizit ein stabiles Merkmal der Schizophrenie 
darstellt, untersuchten wir das sensomotorische Gating bei Personen in einem vermuteten 
Prodrom der Schizophrenie (Quednow et al., 2008b). Wir unterteilten dabei das Stadium des 
Prodroms in eine psychoseferne Phase, welche primär durch das Auftreten von Basissymptomen 
gekennzeichnet ist, und eine psychosenahe Phase, die durch das erste kurze Auftreten starker 
psychotischer Symptome oder durch anhaltende, aber noch abgeschwächte psychotische 
Symptome charakterisiert ist. Zusätzlich untersuchten wir unmedizierte und medizierte 
schizophrene Patienten sowie eine grössere Gruppe gesunder Kontrollprobanden. Wir konnten 
schliesslich mit dieser Studie zeigen, daß sowohl Personen in einem frühen, psychosefernen, als 
auch Personen in einem späten, psychosenahen Prodrom der Schizophrenie bereits ein ähnliches 
PPI-Defizit offenbaren, wie es auch die unmedizierten schizophrenen Patienten zeigten. Die mit 
Risperidon medizierten Patienten wiesen hingegen eine vergleichsweise normale PPI auf, 
während die mit Haloperidol behandelten Patienten weiterhin eine verminderte PPI zeigten. Diese 
Daten liefern klare Hinweise dafür, daß bereits lange vor dem Ausbruch des Vollbildes einer 
Schizophrenie attentionale Filterdefzite auftreten und die PPI daher ein stabiles Merkmal der 
Schizophrenie ist. Unsere Ergebnisse unterstützen zudem die Sichtweise, daß es sich bei der PPI 
um einen geeigneten Endophänotyp der Schizophrenie handelt. Daß die PPI tatsächlich einer 
starken genetische Verursachung unterliegen muss, konnten wir in zwei genetischen 
Assoziationsstudien zeigen (siehe unten).  
Diese Untersuchung war ein Teil einer grossen Multicenterstudie aus dem vom 
Bundesministerium für Bildung und Forschung (BMBF) geförderten Kompetenznetz 
Schizophrenie. Der Vorschlag zu dieser Teilstudie geht auf Michael Wagner und mich zurück. 
Christina Schröder, Dr. Sonja Theysohn, Gabriele Herrmann und Julia Berning waren für die 
Untersuchung der Teilnehmer verantwortlich. Die Datenaufbereitung sowie die statistische 
Analyse wurden von mir allein gewährleistet. Auch das Schreiben lag federführend in meinen 
Händen. Kai-Uwe Kühn, Michael Wagner und Wolfgang Meier waren die Antragstellen für die 
relevanten Teilprojekte aus dem Kompetenznetz Schizophrenie. 
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3.11 Hat die genetische Variabilität des Serotonin-2A-Rezeptors einen Einfluss auf die Präpuls-
Inhibition schizophrener Patienten? 
Es wurde mehrfach postuliert, daß der 5-HT2A-Rezeptor sowohl in der Pathogenese der 
Schizophrenie als auch bei der Entstehung der PPI-Defizite schizophrener Patienten eine grosse 
Rolle spielt (siehe dazu auch unsere früheren Untersuchungen unter Punkt 3.5 und 3.8). Zudem ist 
seit längerem bekannt, daß die Schizophrenie eine vererbbare Erkrankung ist und es häufen sich 
mittlerweile die Hinweise dafür, daß auch das sensomotorischen Gating einem starken 
genetischen Einfluss unterliegt. Wir untersuchten daher, ob bestimmte Polymorphismen des 5-
HT2A-Rezeptors die PPI schizophrener Patienten modulieren. Wir wählten hierfür zwei 
Polymorphismen aus (T102C und A-1438G), für welche positive Assoziationsbefunde in Bezug 
auf die Schizophrenie vorlagen (Quednow et al., 2008c). Diese beiden Mutationen führen zwar 
nicht zu einer veränderten Rezeptorform (synonymer Polymorphismus), sie scheinen aber einen 
grossen Einfluss auf die Expression dieses Rezeptors zu haben. Ein dritter Polymorphismus 
(H452Y) wurde ausgewählt, weil er nicht-synonym ist und damit also einen direkten Einfluss auf 
die Rezeptorfunktion haben kann. Mehrere Studien konnten mittlerweile zeigen, daß dieser 
Polymorphismus tatsächlich eine funktionelle Relevanz, z.B. für die Gedächtnisleistung hat. 
Wie zuvor auch in den meisten anderen europäischen Studien mit den T102C und A-1438G 
Polymorphismen, zeigte sich auch bei uns eine vollständige Kopplung beider Mutationen, d.h. ein 
Träger einer bestimmten Allel-Kombination der einen Mutation weist immer eine spezifische 
Allel-Kombination des anderen Polymorphismus auf. Wir wiesen nun nach, daß die T102C und 
A-1438G Polymorphismen des 5-HT2A-Rezeptors tatsächlich einen starken Einfluss auf die PPI 
schizophrener Patienten ausüben. Hierbei waren bei beiden Polymorphismen genau diejenigen 
Allele mit einem defizitären PPI assoziiert, welche in früheren Studien auch mit einer erhöhten 
Erkrankungswahrscheinlichkeit für eine Schizophrenie verbunden waren. Der H452Y 
Polymorphismus hingegen zeigte keine funktionelle Wirkung auf die PPI. Diese Ergebnisse 
verdeutlichen zum einen, daß der 5-HT2A-Rezeptor eine wichtige Rolle bei der Entstehung der 
PPI-Defizite in der Schizophrenie spielen könnte. Zum anderen belegen sie, daß die PPI eine 
starke genetische Komponente besitzt. Dieser Befund zeigt aber auch, daß die Aufklärung der 
genetischen Basis der PPI-Defizite schizophrener Patienten mit dazu beitragen kann, die 
Ätiopathogenese der Schizophrenie weiter zu erhellen. 
Michael Wagner und ich erarbeiteten das Konzept zu dieser Untersuchung. Die Patienten wurden 
im Rahmen verschiedener anderer Studien rekrutiert und gemessen (siehe z.B. 3.5 und 3.10), in 
deren Rahmen den Patienten auch Blut für eine genetische Analyse abgenommen wurde. Die 
elektrophysiologische Datenverarbeitung sowie die komplette Analyse der PPI-Daten wurde von 
mir geleistet. Die genetischen Analysen wurden im molekulargenetischen Labor der Klinik für 
Psychiatrie und Psychotherapie der Universität Bonn durchgeführt, welches zunächst von Prof. 
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Sibylle Schwab und später von Dr. Rainald Mössner geleitet wurde. Anna Schumacher bereitete 
die genetischen Daten für die statistische Analyse auf. Ein Grossteil der Studien, in denen 
Patienten für diese genetische Analyse rekrutiert wurden, leitete Kai-Uwe Kühn. Das Manuskript 
wurde von mir alleine erstellt.  
 
3.12 Welchen Effekt übt der COMT Val/Met-Polymorphismus auf die Präpuls-Inhibition 
schizophrener Patienten aus? 
Für die Verarbeitung der PPI ist nicht nur das serotonerge System von Bedeutung, auch das 
dopaminerge System spielt eine wichtige Rolle, wie zahlreiche Tierstudien nachgewiesen haben. 
Auch die Manipulierbarkeit der PPI durch dopaminerge Substanzen im Humanversuch zeigte, daß 
die PPI auch durch die dopaminerge Neurotransmission moduliert wird. Ähnlich wie bei den 5-
HT2A-Rezeptorpolymorphismen wurde auch für den Catechol O-Methyltranferase (COMT) 
Val158Met Polymorphismus vermutet, daß er mit der Entstehung der Schizophrenie assoziiert 
sein könnte. COMT ist ein wichtiges Enzym, welches verschiedene Catecholamine, darunter das 
Noradrenalin, das Adrenalin und das Dopamin, abbaut. Der COMT Val/Met Polymorphismus 
scheint dabei einen besonders starken Einfluss auf die präfrontale Dopaminkonzentration 
auszuüben, wodurch eine Reihe von „präfrontalen“ kognitiven Funktionen beeinflusst werden 
können. Auch wenn mittlerweile nicht mehr davon ausgegangen wird, daß COMT ein 
bedeutendes Suszeptibilitätsgen für die Schizophrenie darstellt, so zeigen eine ganze Reihe von 
Studien, daß der COMT Val/Met Polymorphismus dennoch die kognitive Leistungsfähigkeit 
schizophrener Patienten insbesondere im Bereich der exekutiven Funktionen stark beeinflusst. Da 
zudem in verschiedenen Studien mit gesunden Probanden eine Korrelation von PPI und 
exekutiven Funktionen gezeigt werden konnte, untersuchten wir, ob der COMT Val/Met 
Polymorphismus auch die PPI schizophrener Patienten affiziert, wie es kurz zuvor bereits für 
gesunde Versuchspersonen berichtet wurde (Quednow et al., 2008d). Unsere Ergebnisse 
verdeutlichten, daß der COMT Val/Met Polymorphismus auch bei den schizophrenen Patienten 
die PPI beeinflusst. Wie bei den Gesunden zeigen auch die schizophrenen homozygoten Träger 
des Met-Allels eine besonders starke PPI. Träger eines Val-Allels hingegen zeigen sehr tiefe PPI-
Werte. Dieses Befundmuster könnte durch die durch diesen Polymorphismus veränderte 
Dopaminkonzentration im präfrontalen Kortex oder im Hippocampus verursacht werden. Das 
Ergebnis zeigt aber auch, daß nicht allein eine genetische Variation des serotonergen Systems die 
PPI moduliert. Es ist also davon auszugehen, daß es sich bei der PPI – wie im übrigen auch bei 
der Schizophrenie – um ein polygenetisches Merkmal handelt. 
Auch bei dieser Studie entwickelten Michael Wagner und ich das Konzept zusammen. Die 
Patienten wurden im Rahmen verschiedener anderer Studien rekrutiert und gemessen (siehe z.B. 
3.5, 3.10, 3.12), in deren Rahmen den Patienten auch Blut für eine genetische Analyse 
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abgenommen wurde. Die elektrophysiologische Datenverarbeitung sowie die komplette Analyse 
der PPI-Daten wurde von mir übernommen. Die genetischen Analysen wurden wieder im 
molekulargenetischen Labor der Klinik für Psychiatrie und Psychotherapie der Universität Bonn 
unter der Leitung von Sibylle Schwab und Rainald Mössner durchgeführt. Anna Schumacher 
bereitete auch hier die genetischen Daten für die statistische Analyse vor. Kai-Uwe Kühn war 
Ideengeber und Leiter der Studie. Das Manuskript wurde von mir verfasst.  
 
3.13 Wie hängen Schreckreaktion und Präpuls-Inhibition zusammen? Teil II 
Wie die Höhe der Schreckreaktion auf akustische Stimuli und die gezeigte PPI zusammenhängen 
untersuchten wir bereits in einer früheren Studie, in der wir die Lautstärke der schreckauslösenden 
Stimuli manipulierten (siehe Abschnitt 3.7). Mit diesem Ansatz liess sich allerdings nicht 
untersuchen, ob die grosse interindividuelle Varianz in der Schreckreaktivität sowohl beim 
Menschen als auch im Tiermodell ebenfalls einen Einfluss auf die PPI beim Menschen haben 
kann. Diese Frage ist für die klinische Forschung von grosser Wichtigkeit, da verschiedene 
klinische Populationen, für die jeweils PPI-Defizite postuliert wurden, auch Veränderungen in 
ihrer Schreckreaktivität zeigten. Bislang schloss man eine Assoziation der beiden Maße aber 
meistens aus, da diese nicht signifikant korreliert waren. Jedoch könnten unzureichende 
Stichprobengrössen, nicht-lineare Zusammenhänge oder unterschiedliche Verteilungsmuster 
beider Parameter den Nachweis einer signifikanten Produkt-Moment-Korrelation erschwert 
haben. Zudem zeigten wir ja bereits in einer früheren Humanstudie, daß die intraindividuelle 
Varianz der Schreckreaktion sehr wohl die PPI beeinflusst, wenn man die Intensität der 
schreckauslösenden akustischen Stimuli variiert. Ein identisches Muster war zuvor auch bereits 
für Mäuse gezeigt worden. Wir verglichen daher in einem ersten Experiment die PPI von 
Personen mit einer starken Schreckreaktion mit der PPI von Personen, die eine sehr viel 
schwächer ausgeprägte Neigung zum Erschrecken zeigten (Csomor et al., 2008). Insgesamt 
untersuchten wir 51 gesunde Probanden, die anhand ihrer Rangreihenfolge in der Schreckreaktion 
in drei gleichgrosse Gruppen geteilt wurden. Die reine Schreckreaktivität wurde dabei in einer 
ersten Sitzung gemessen, die PPI hingegen erst in einer zweiten Messung. Die mittlere Gruppe 
wurde von der Analyse ausgeschlossen, so daß wir die PPI der beiden Extremgruppen vergleichen 
konnten. Wie vermutet, zeigten diese beiden Gruppen eine signifikant unterschiedliche PPI, wobei 
Probanden mit einer hohen Schreckreaktion eine niedrigere PPI aufwiesen als Personen mit einer 
geringeren Schreckreaktivität. In einem zweiten Experiment reanalysierten wir die PPI- und 
Schreckreaktivitätsdaten von 102 Mäusen in identischer Weise, d.h. wir verglichen je 34 Tiere mit 
hoher oder niedriger Schreckreflexamplitude in Bezug auf ihre PPI. Im Unterschied zum ersten 
Humanexperiment wurden bei den Mäusen PPI und Schreckreaktivität in einer einzigen Messung 
erhoben. Dennoch zeigte sich das gleiche Muster wie bei unseren Versuchspersonen: Die Gruppe 
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mit der hohen Schreckreaktion zeigte eine tiefere PPI als die Gruppe mit der tieferen 
Schreckreaktion. Die Parallelität dieser Ergebnisse bestätigt noch einmal in beeindruckender 
Weise die Homologie und Translationalität dieser Maße. Diese Ergebnisse stellen aber auch jene 
klinischen Befunde in Frage, welche sowohl Erhöhungen des Schreckreflexes als auch eine 
verminderte PPI berichteten. Unsere eigenen Befunde einer erniedrigten Schreckreaktivität und 
einer verminderten PPI bei schizophrenen Patienten und Personen in einem Prodrom der 
Schizophrenie sind davon jedoch nicht betroffen. Im Gegenteil, die PPI-Defizite werden bei 
gleichzeitiger Verminderung der Schreckreaktivität sogar eher unterschätzt, wie die Ergebnisse 
der hier besprochenen Studie nahe legen. Die vorliegende Arbeit betont damit die zentrale 
Bedeutung der Amplitude des Schreckreflexes in der Beurteilung von potentiellen PPI-
Veränderungen bei klinischen Gruppen oder infolge pharmakologischer Manipulationen. 
Philipp Csomor und ich entwarfen zuerst nur ein Humanexperiment zu dieser Fragestellung. Im 
Laufe der Planungen brachten uns Benjamin Yee und Joram Feldon jedoch auf die Idee, ihre 
Tierdaten mit in unsere Arbeit einzubeziehen, um den Wert der Aussagen und damit auch der 
Publikation zu steigern. Die Versuchspersonen wurden von Tiana Nicolet im Rahmen eines 
Forschungspraktikums getestet. Die Tierversuche fanden unter der Regie von Benjamin Yee und 
Joram Feldon statt. Philipp Csomor trug die Verantwortung für die Aufbereitung und die 
statistische Auswertung sowohl der Human- als auch der Tierdaten. Wir haben jedoch die 
Auswertungsstrategie stets in enger Zusammenarbeit diskutiert und erarbeitet. Philipp Csomor hat 
auch das Schreiben des Manuskriptes federführend übernommen, allerdings blieben wir auch hier 
bezüglich der Gestaltung des Textes und Argumentationsführung stets in engem Kontakt. Der 
erste Entwurf des Manuskriptes wurde ebenfalls von mir gründlich überarbeitet. Franz 
Vollenweider stellte uns die Infrastruktur für die Humanversuche zur Verfügung. 
 
3.14 Welche Rolle spielt die PPI in der klinischen Forschung? 
In dem vorliegenden Übersichtsartikel habe ich versucht, den aktuellen Stand der klinischen 
Forschung in Bezug auf PPI-Paradigmen zusammenzufassen und zu bewerten (Quednow, 2008). 
Neben einer umfassenden Einführung in die neurobiologischen Grundlagen der PPI und einer 
Auflistung aller mir bekannten Befunde bei psychiatrischen Krankheitsgruppen habe ich auch die 
jüngsten genetischen Studien sowie die Bedeutung der PPI als Tiermodell der Schizophrenie 
besprochen. Ich komme dabei zu dem Schluss, daß Beeinträchtigung der PPI bislang am 
konsistentesten für schizophreniforme Erkrankungen gezeigt wurden, bei denen sie offenbar ein 
zeitstabiles Merkmal (Trait) darstellen und weitgehend unabhängig von der Schwere der 
Erkrankung sind. Im Gegensatz dazu scheint das mehrfach nachgewiesene PPI-Defizit bei 
Patienten mit einer bipolaren Störung eher ein State-Marker zu sein und sich auf die Patienten zu 
beschränken, die zusätzlich psychotische Episoden erleben. Auch Patienten, die an Krankheiten 
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mit einer vermuteten fronto-striatalen Beteiligung leiden, wie Zwangserkrankungen, Chorea 
Huntington und das Tourette-Syndrom, weisen recht konsistent PPI-Defizite auf. Zudem deuten 
jüngste Daten überzeugend darauf hin, daß auch bei chromosomalen Veränderungen, wie dem 
Fragilen-X-Syndrom und dem 22q11-Deletionssyndrom, Verminderungen der PPI auftreten. Bei 
anderen psychiatrischen Störungen, für die vereinzelt PPI-Defizite berichtet wurden, ist die 
Datenlage noch nicht ausreichend, um auch für diese Erkrankungen eine Störung der frühen 
Informationsverarbeitung zu postulieren. 
Die Erforschung der sensomotorischen Filterleistung hat sicher mit dazu beigetragen, daß wir 
heute die Schizophrenie nicht allein als eine Störung der mesolimbischen dopaminergen 
Neurotransmission begreifen, sondern daß offenbar auch serotonerge und glutamaterge 
Mechanismen mit zur Pathophysiologie der Erkrankung beitragen. Die PPI-Forschung offenbarte 
auch, daß schizophrene Patienten nicht nur unter einer Beeinträchtigung höherer kognitiver 
Funktionen leiden, sondern daß bereits frühe präattentive Prozesse gestört sind, die unter 
Umständen einen Einfluß auf alle nachfolgenden kognitiven Prozesse ausüben. Sie trug damit 
dazu bei, daß die Schizophrenie heute als Reizfilterstörung konzeptualisiert wird. Da sich gezeigt 
hat, daß die PPI-Defizite einer genetischen Mitverursachung unterliegen und bereits vor Ausbruch 
der Erkrankung präsent sind, wurde die sensomotorische Filterleistung als ein vielversprechender 
Endophänotyp der Schizophrenie vorgeschlagen. Aktuelle Untersuchungen zeigen, daß genetische 
Variationen der serotonergen und dopaminergen Neurotransmission sowie der neuralen 
Entwicklung die Ausprägung der PPI bei Gesunden und an Schizophrenie erkrankten Personen 
beeinflußt. So kann die Erforschung der PPI möglicherweise mit dazu beitragen, die 
neurobiologischen Grundlagen psychiatrischer Erkrankungen, insbesondere auch der 
Schizophrenie, zu ergründen. 
Die pharmakologisch manipulierte PPI wird als Tiermodell der Schizophrenie genutzt, und auch 
wenn sich die Hoffnungen, mit diesem Modell neue, wirksamere und nebenwirkungsärmere 
Antipsychotika zu identifizieren, bislang nicht erfüllt haben, kann dieser Ansatz möglicherweise 
trotzdem dafür genutzt werden, um neue Substanzen zur Verbesserung der beeinträchtigten 
kognitiven Fähigkeiten der Patienten zu entwickeln. Zukünftige Studien müssen allerdings erst 
noch ergründen, ob und wie sensomotorische Filterfunktionen komplexere kognitive Funktionen 
beeinflussen können. 
Die vorgestellten Befunde verdeutlichen die scheinbare Diskrepanz der zwei grundlegenden 
Ansätze der Erforschung der PPI-Defizite in der Schizophrenie. Einerseits erscheint das PPI-
Defizit als ein stabiler Trait-Marker, der offensichtlich genetisch beeinflußt wird und der auch in 
Hochrisikopopulationen, wie erstgradigen Familienmitgliedern und prodromalen Patienten, als 
verändert nachzuweisen ist. Andererseits stellt sich die PPI sowohl in präklinischen 
Tierexperimenten und Studien mit gesunden Probanden, als auch bei diversen Patientenstudien als 
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ein sensitiver pharmakologischer State-Marker dar. Dies eröffnet die Frage, ob wir die PPI eher 
als Endophänotyp untersuchen sollen, um z.B. krankheitsverursachende Gene zu identifizieren 
und zu charakterisieren, oder ob wir die PPI eher als Modell für die Wirksamkeit neuer 
antipsychotischer Substanzen oder neuer cognitive enhancer nutzen sollten. Zur Zeit sieht es so 
aus, als könnte die PPI sowohl als endophänotypischer Trait-Marker als auch als 
pharmakologischer State-Marker dienen. 
Die vorliegende Übersichtsarbeit wurde von mir allein erstellt. 
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Abstract Rationale: Amplitude, habituation and pre-
pulse inhibition (PPI) of the acoustic startle response
(ASR) in rodents and humans are sensitive to psychotropic
drugs. Studies with rodents suggest that an increase or
decrease in serotonin level in the brain alters several
modalities of the ASR. So far, little is known about
serotonergic and noradrenergic startle modulation in
humans. Objective: This study was designed to inves-
tigate the effects of the selective serotonin uptake inhibitor
sertraline versus the selective noradrenalin uptake inhibitor
reboxetine on magnitude, habituation and PPI of ASR in
patients with major depression. Methods: We studied
ASR in 23 patients with the diagnosis of major depression
according to DSM-IV who were randomly treated either
with sertraline or with reboxetine. Initially, ASR assess-
ment was carried out when patients were drug-free for at
least 2 weeks and again after 14 days of treatment.
Results: The habituation of ASR was strongly attenuated
by sertraline and not significantly altered by reboxetine.
None of the substances altered the startle reactivity. In
addition, PPI was not altered by sertraline, but reboxetine
tended to decrease PPI. The startle reactivity at baseline
was correlated with improvement of depressive symptoms
at the end of the study. Conclusion: These results
provide the first evidence for different effects of norad-
renergic and serotonergic antidepressants on the startle
response in depressed patients.
Keywords Reboxetine . Sertraline . Major depression .
Habituation . Acoustic startle response . Sensorimotor
gating
Introduction
The startle reflex is a fast response to a sudden, intense
stimulus such as a loud sound, and consists of contraction
of the skeletal and facial musculature. This reflex is
usually classified as a defensive response. The acoustic
startle response (ASR) of mammals is mediated by a
simple three-synapse neuronal circuit located in the lower
brainstem. Neurons of the caudal pontine reticular nucleus
are key elements of this primary ASR pathway (Davis et
al. 1982; Koch 1999). In humans, the eyeblink component
of the ASR is quantified using electromyographic (EMG)
measurements of the orbicularis oculi facial muscle
(Hoffman and Searle 1968). The startle reflex shows
several forms of behavioral plasticity, such as prepulse
inhibition (PPI) and habituation. PPI refers to the reduc-
tion of ASR magnitude when a distinctive non-startling
stimulus is presented 30–500 ms before the startling
stimulus. PPI is used as an operational measure for
sensorimotor gating reflecting the ability of an organism to
properly inhibit sensory information (Graham 1975;
Hoffman and Ison 1980). Habituation is a theoretical
construct referring to the reduction in magnitude of ASR
after repeated presentation of the startling stimulus that is
not due to muscle fatigue or blunting of sensory receptor
responsiveness (Groves and Thompson 1970).
The magnitude, habituation and PPI of the ASR are
neurobiological measures that are widely used to inves-
tigate sensorimotor gating and information processing and
which are consistent phenomena across species (Geyer and
Braff 1987; Braff et al. 1992; Swerdlow et al. 1999).
Several investigations have reported changes of habitua-
tion and/or PPI of ASR in neuropsychiatric disorders such
as schizophrenia (Geyer and Braff 1982; Braff et al. 1992;
Parwani et al. 2000), schizotypal personality disorder
(Cadenhead et al. 1993), obsessive–compulsive disorder
(Swerdlow et al. 1993) and Huntington’s disease (Swer-
dlow et al. 1995).
Several neurotransmitter systems are involved by
descending pathways in the modulation of ASR such as
dopamine, acetylcholine, GABA, glutamate, noradrenaline
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(NA) and serotonin (5-HT). Modulation of these trans-
mitter systems has been shown to alter the various
conditions of ASR in rodents. However, little is known
about the pharmacology of ASR in humans (Koch 1999).
The ASR is regarded as a window into the brain
chemistry and is used in pharmacological animal models.
Nevertheless, change of ASR concerning modulation of
different transmitter systems seemed to be species-specific
in several cases. Because of unknown pharmacological
influences on ASR, we attempted to elucidate chronic
effects of elevating serotonergic or noradrenergic neuro-
transmission by reuptake inhibitors on ASR in humans,
which were not studied so far.
The serotonin reuptake inhibitor (SSRI) fluoxetine
decreased habituation and did not alter the magnitude of
the tactile startle in rats (Geyer and Tapson 1988; Martinez
and Geyer 1997). In humans, a single administration of the
SSRI citalopram had no effect on habituation but increased
the baseline amplitude of ASR (Liechti et al. 2001). Single
administration of fluoxetine in rats (Martinez and Geyer
1997) did not alter PPI. A single administration of the
SSRI fluvoxamine did not alter the baseline amplitude and
PPI of ASR in humans (Phillips et al. 2000).
The NA reuptake blocker desipramine decreased the
magnitude of ASR in rats (Kokkinidis and McCarter
1990). Single administration of the selective noradrenalin
reuptake inhibitor (SNRI) reboxetine in healthy volunteers
did not alter the magnitude and PPI of ASR in humans
(Phillips et al. 2000).
Although major depression is related to monoamine
deficiency (for review, see Delgado 2000), habituation and
PPI of ASR were not altered in depressed patients
(unpublished data, Vollenweider, personal communica-
tion). Thus, to investigate the effect of chronic adminis-
tration of selective monoaminergic substances on ASR in
patients with major depression, it is ethically less
problematic then in healthy controls.
The aims of the present study were to investigate the
effects of a 14-day treatment with the SSRI sertraline
versus the SNRI reboxetine on magnitude, habituation and
PPI of ASR in patients with major depression, diagnosed
according to DSM-IV criteria. Based upon animal data, we
postulated that the serotonergic treatment decreases habit-
uation and does not alter PPI, and the noradrenergic
treatment decreases PPI and startle magnitude and does
not alter habituation.
Materials and methods
Participants
Thirty-nine inpatients with the diagnosis of major depres-
sion according to DSM-IV participated in this study.
Patients were recruited from the Department of Psychiatry
of the University of Bonn. The study was approved by the
Ethics Committee of the Medical Faculty of the University
of Bonn. Written informed consent was obtained from all
participants after being informed by a written and oral
description of the aim of the study.
Patients with agitation were not included because of the
activating effect of both tested substances. Severity of
illness was assessed before and at the end of the study
using the 21-item Hamilton Depression Scale (HAMD)
(Hamilton 1967). None of the subjects reported personal
or family history of schizophrenia or obsessive-compul-
sive disorder. All patients were free of psychotropic drugs
for at least 2 weeks before inclusion. The groups did not
differ in age, verbal intelligence, education, smoking, sex
and severity of depression. The demographic data and the
HAMD scores of the patients are shown in Table 1.
Procedure
On the day of the experiment, the participant gave
informed consent and the HAMD and Mehrfachwahl-
Wortschatz-Intelligenztest (MWT-B) (Lehrl 1999) was
administered; subsequently, the ASR assessment was
performed. On the next day, the patients were randomly
treated for 14 days with a fixed dosage of the SSRI
sertraline (50 mg/day) or with the SNRI reboxetine (8 mg/
day), respectively. ASR assessment and HAMD rating was
repeated after 14 days of treatment. Concomitant medica-
tion was not allowed, except for lorazepam and zolpidem.
Forty-eight hours before the final test session, no
concomitant medication was allowed. The examiner
responsible for HAMD ratings and ASR assessment was
blind to the treatment of each patient.
Startle response measurement
Electrodes were attached while the participants were
seated in a comfortable chair. Each person was instructed
Table 1 Demographic data and
rating scores (means and stan-
dard deviations)
aIndependent t-test or χ2-test for
frequency data, reboxetine vs
sertraline.
Total (n=23) Reboxetine (n=15) Sertraline (n=8) Valuea pa
Age 43.26 (11.14) 40.93 (10.99) 47.63 (10.73) t=−1.40 0.18
Male/female 15/8 10/5 5/3 χ2=0.04 0.84
Smoker/nonsmoker 10/13 7/8 3/5 χ2=0.18 0.67
Verbal IQ 97.65 (11.53) 96.47 (12.19) 99.88 (10.59) t=−0.67 0.51
Years of education 9.96 (1.77) 9.87 (1.77) 10.13 (1.89) t=−0.32 0.75
HAMD(baseline) 27.04 (4.92) 27.47 (5.18) 26.25 (4.62) t=0.56 0.58
HAMD(week 2) 12.09 (7.35) 10.53 (8.40) 15.00 (3.74) t=−1.42 0.17
HAMD(baseline–week 2) 14.96 (7.26) 16.93 (8.25) 11.25 (2.31) t=1.89 0.07
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that they would hear white noise and bursts over the
headphones and to keep their eyes open. The eyeblink
component of the ASR was measured using an electro-
myographic startle system (EMG-SR-LAB, San Diego
Instruments, Inc., San Diego, Calif., USA); registration
parameters were described in detail elsewhere (Braff et al.
1992). Two silver/silver chloride electrodes were posi-
tioned below and to the outer canthus of the right eye over
the orbicularis oculi muscle and a ground electrode was
placed on the glabella. All electrode resistances were less
than 10 kΩ. Acoustic startle stimuli were presented
binaurally through headphones (TDH-39-P, Maico). Each
session began with a 4-min acclimation period of 70-dB
background white noise that was continued throughout the
session. Subjects received 61 sound pulses with a power of
116 dB and a duration of 40 ms, separated by variable
intervals (mean 15 s). In 48 of the trials the pulse was
preceded by a 40-ms prepulse with an inter-stimulus
interval (ISI) of 120 ms of four levels of intensity (72, 74,
78 and 86 dB, 12 trials each). All trials were presented in
pseudorandomized order. The entire test session lasted
about 20 min.
Due to side effects (e.g. diarrhea) or premature
discharge, eight subjects (five on sertraline,three on
reboxetine) dropped out of the study and were excluded
from data analysis because they missed the second test
session. Another eight subjects (six on sertraline, two on
reboxetine) were excluded blindly because of minimal or
no startle response at baseline (ASR magnitude <25 units)
according to the criteria of Braff et al. (1992).
Statistical analysis
HAMD scores were analyzed by ANOVA (treatment×-
time; with repeated measures at factor time) and by
independent t-tests and t-tests for paired samples (overall
and within treatment groups).
Startle magnitude was assessed for each block of a
session using mean values of all pulse alone (PA) trials;
this data was analyzed by ANOVA (treatment×time; with
repeated measures at factor time) and by t-tests for paired
samples (within treatment groups). There was no signif-
icant effect of PPI in 72 dB prepulse trials (statistics see in
the Results section). Therefore the 72 dB prepulse trials
contributed to startle habituation to the full extend. Thus,
PA trials were pooled with 72 dB prepulse trials, resulting
in six blocks with four trials each for the assessment of
habituation. This habituation data was analyzed by
ANOVA (block×time×treatment, with repeated measures
at factors block and treatment). Percent habituation was
calculated as the reduction in startle magnitude between
the first and last blocks of PA trials [%HAB=100×(first
block − last block)/first block]; these data were analyzed
by ANOVA (time ×treatment, with repeated measures at
factor time) and t-tests for paired samples (within treat-
ment). Percent PPI was calculated for each prepulse trial
(PP) condition in startle magnitude in the presence of a
prepulse compared to the magnitude of the PA response
[%PPI=100×(PA − PP)/PA]; these data were analyzed by
ANOVA (treatment×time×prepulse trial conditions; with
repeated measures at factors time and intensity), by t-tests
for paired samples (within treatment) and by independent
t-tests at baseline. The confirmatory statistical comparison
of all data was carried out at a significance level set at
P=0.05 (two-tailed). The effect sizes f (ANOVA, f=1/2d)
were calculated with GPOWER (Erdfelder et al. 1996)
according to the conventions of Cohen (1988).
Results
Psychopathology
At baseline, the total sample showed a medium severity of
depression reflected by a total mean score of the HAMD
of 27.04 (SD±4.92) (Table 1). An independent t-test did
not show a significant difference in severity of depression
(HAMD means) between the treatment groups at baseline
[t(21)=−0.56; P=0.58 (two-tailed)]. After 14 days of
treatment the total mean score of HAMD of the entire
sample [mean 12.09 (±7.35)] suggested a strong attenu-
ation of depressive symptoms.
An ANOVA (time×treatment, with repeated measures at
factors time) of HAMD scores at baseline and week 2
revealed a significant main effect of the factor time [F
(1,21)=87.87; P<0.000] and a trend for interaction
between the factors time and treatment [F(1,21)=3.57;
P=0.07], due to a larger decrease in depressive symptoms
in the reboxetine group. The calculated effect size f for the
interaction between the factors time and treatment was
“large” (f=0.41). The sample described here is a subsample
of a comparative clinical trial between reboxetine and
sertraline with 54 patients with major depression. In this
larger sample we found a highly significant interaction of
the factors time and treatment between the groups, due to a
superiority of reboxetine (unpublished data). In the entire
sample the dropout rate in the sertraline group was higher
(19.2%) than in the reboxetine group (10.7%), but this
difference was not significant tested with a χ2-test. The
difference between dropout rates of the treatment groups
of the subsample published here (sertraline, 27.8% and
reboxetine, 14.3%) was not statistically significant either
[χ2(1)=1.08; P=0.30 (two-tailed)]. However, for both
groups described here, the depressive symptoms were
significantly reduced [tsertr(7)=13.75; P<0.000 (two-
tailed); trebox(14)=7.95; P<0.000 (two-tailed)].
Habituation
Figure 1 shows the habituation curve of ASR diagrammed
as one initial 116 dB pulse alone (PA) trial and following
six blocks, where each block contains two 116 dB PA and
two 72 dB prepulse (PP) trials. After 2 weeks, habituation
was strongly attenuated by sertraline and slightly acceler-
ated in the reboxetine group. An ANOVA (block×time
×treatment, with repeated measures at factors block and
401
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treatment, initial trial omitted) revealed a significant main
effect of the factor block, reflecting within-session habit-
uation [F(5,105)=18.55; P<0.000], a significant interac-
tion between the factors time and treatment, reflecting an
overall stronger ASR after sertraline, but not after
reboxetine treatment [F(1,21)=4.27; P<0.05] and a signif-
icant interaction between the factors block, time and
treatment, reflecting different processes of habituation in
the groups after treatment [F(5,105)=2.32; P<0.05]. The
calculated effect size f for the interaction between the
factors block, time and treatment was “medium” to “large”
(f=0.33).
Another indicator for habituation is the difference
between the startle amplitude in the first and the last
block, expressed as percent habituation. At baseline, the
sertraline group showed 58.1 (SD±20.3)% and the
reboxetine group 46.5 (±40.0)% habituation. At week 2,
patients treated with sertraline showed no habituation
(−1.5±44.5%), while habituation was not altered in the
reboxetine group (34.6±45.6%). An ANOVA (treatment
×time; with repeated measures at factor time) showed a
significant effect at the factor time [F(1,21)=8.33; P<0.01]
and a trend for interaction between treatment and time [F
(1,21)=3.71; P=0.07]. The calculated effect size f for the
interaction between the factors time and treatment was
“large” [f=0.42]. A t-test for paired samples in the
sertraline group revealed a significant deterioration of
habituation [tsertr(7)=3.42; P<0.01 (two-tailed)]. The group
treated with reboxetine showed no significant decrease in
percent habituation [trebox(14)=0.77; P=0.46 (two-tailed)].
Startle reactivity
Table 2 gives the mean amplitude of the startle responses
overall PA trials to baseline and after 2 weeks. Sertraline
increased and reboxetine decreased the amplitude of ASR
in pulse alone trials. An ANOVA (treatment×time; with
repeated measures at factor time) showed no effect of the
factor time [F(1,21)=1.04; P=0.32] but a significant
interaction between treatment and time [F(1,21)=4.57;
P<0.05]. t-Tests for paired samples in each treatment
group revealed a trend for a increased startle response in
the sertraline group [tsertr(7)=−1.71; P=0.13 (two-tailed)]
but no substantial effect in the reboxetine group [trebox(14)
=1.03; P=0.32 (two-tailed)].
Better indicators for startle reactivity as the mean
amplitude over all PA trials are the initial PA trial or the
first habituation block, due to less or no influence of
habituation on these variables. Figure 1 shows the initial
PA trials and the first habituation blocks. An ANOVA of
the initial trials (treatment×time; with repeated measures at
factor time) showed no significant effect of the factor time
[F(1,21)=0.88; P=0.36] and no interaction between treat-
ment and time [F(1,21)=0.75; P=0.40]. t-Tests for paired
samples in each treatment group of the initial trials
revealed no substantial effect in the sertraline group
[tsertr(7)=1.06; P=0.32 (two-tailed)] and no substantial
effect in the reboxetine group [trebox(14)=0.07; P=0.95
(two-tailed)]. An ANOVA of the first blocks (treatment
×time; with repeated measures at factor time) showed no
significant effect of the factor time [F(1,21)=1.63; P=0.22]
and no interaction between treatment and time [F(1,21)
=0.18; P=0.68]. t-Tests for paired samples in each
treatment group of the first blocks revealed no substantial
effect in the sertraline group [tsertr(7)=0.52; P=0.62 (two-
tailed)] and no substantial effect in the reboxetine group
[trebox(14)=1.46; P=0.17 (two-tailed)]. It appeared that
none of the substances altered the startle reactivity per se,
but sertraline administration over two weeks disrupted
habituation of the ASR in depressive patients.
Prepulse inhibition
Table 2 shows the mean amplitude of the 116 dB PA trials
and the 72 dB PP trials. A t-test for paired samples of the
baseline 116 dB PA trials and the 72 dB PP trials showed
no differences between these conditions and revealed no
PPI in the 72 dB PP trials [t(22)=0.05; P=0.96 (two-
Fig. 1 Habituation curve of the
acoustic startle response dia-
grammed as mean amplitude
(and SEM) of one initial and
pooled 116 dB pulse alone and
72 dB prepulse trials in six
blocks at baseline and after 2
weeks of treatment with rebox-
etine or sertraline. The aggrega-
tion of 116 dB pulse alone and
72 dB prepulse trials was done,
because there was no significant
effect of PPI in 72 dB prepulse
trials (see statistics in the Re-
sults section) and therefore the
72 dB prepulse trials contributed
to startle habituation to the full
extent
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tailed)]. For this reason, we pooled the data of the 116 dB
PA trials and the 72 dB PP trials for measuring habituation
(see above).
Table 2 shows also the percentage PPI of the ASR seen
during the two treatment options in 72, 74, 78 and 86 dB
PP trials. ANOVA for all single PP conditions (treat-
ment×time; with repeated measures at factor time)
revealed only a trend for the factor time for the 78 dB
PP time [F(1,21)=3.35; P=0.08] and between subjects a
main effect of treatment in 74 dB PP [F(1,21)=5.16;
P<0.05] and strong trends in 78 dB (P=0.06) and 86 dB
PP (P=0.06).
The treatment groups differed in the outcome of the t-
tests in 78 and 86 dB PP trial conditions at baseline
[t78 dB(21)=2.09; P<0.05 (two-tailed); t86 dB(21)=2.39;
P<0.05 (two-tailed)] but not in 72 and 74 dB PP trial
conditions [t72 dB(21)=0.71; P=0.48 (two-tailed);
t74 dB(21)=1.49; P=0.15 (two-tailed)]. The sertraline
group showed a significant stronger and more continuous
PPI.
An ANOVA overall four PP conditions (treatment×ti-
me×prepulse intensity; with repeated measures at factors
time and intensity) showed a clear-cut effect of intensity
reflecting a positive correlation between prepulse intensity
Table 2 Means and standard deviations of the amplitude of pulse alone (116 dB) and prepulse (72 dB) trials and percent prepulse inhibition
of 72, 74, 78 and 86 dB prepulse trials
Time of
testing
Total
(n=23)
Reboxetine
(n=15)
Sertraline
(n=8)
Factorsa Fa pa
Amplitude pulse alone trials
116 dB (arbitrary units)
Baseline 123.78 (65.74) 130.00 (67.78) 112.11 (64.47) Time 1.04 n.s.
Week 2 131.39 (98.46) 106.86 (77.78) 177.38 (121.10) Time×Treatment 4.57 >0.05
Treatment 0.81 n.s.
Amplitude prepulse trials
72 dB (arbitrary units)
Baseline 123.45 (80.51) 128.69 (73.61) 113.62 (96.78) Time 0.50 n.s.
Week 2 125.22 (93.51) 99.60 (67.19) 173.26 (120.02) Time×Treatment 4.27 >0.05
Treatment 0.92 n.s.
Percent PPI prepulse 72 dB Baseline 3.11 (24.72) 0.39 (26.22) 8.20 (22.37) Time 0.68 n.s.
Week 2 −2.77 (34.38) −5.32 (41.18) 2.08 (16.80) Time×Treatment 0.00 n.s.
Treatment 0.46 n.s.
Percent PPI prepulse 74 dB Baseline 9.20 (40.46) 0.29 (32.98) 25.90 (49.83) Time 1.07 n.s.
Week 2 −1.84 (38.46) −14.27(39.27) 21.47 (24.74) Time×Treatment 0.30 n.s.
Treatment 5.12 >0.05
Percent PPI prepulse 78 dB Baseline 26.71 (29.68) 17.90 (28.28) 43.22 (26.27) Time 3.35 0.08
Week 2 11.24 (49.60) −1.38 (51.63) 34.90 (37.69) Time×Treatment 0.53 n.s.
Treatment 4.09 0.06
Percent PPI prepulse 86 dB Baseline 32.33 (30.83) 22.15 (30.52) 51.43 (22.04) Time 1.72 n.s.
Week 2 21.76 (53.16) 8.61 (55.78) 46.41 (39.93) Time×Treatment 0.36 n.s.
Treatment 4.09 0.06
aANOVA (time×treatment, with repeated measures at factors time), reboxetine vs sertraline.
Fig. 2 Scatterplots and regres-
sion bars of HAMD difference
(baseline—week 2) and acoustic
startle response of first block
and PA 116 dB showing a
positive correlation between
these variables
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and PPI [F(3,63)=8.51; P<0.000], a trend of the factor
time [F(1,21)=3.02; P=0.10] and between subjects a main
effect of treatment [F(1,21)=4.91; P<0.05]. In paired t-
tests of the 78 and 86 dB PP trial conditions within
treatment groups reboxetine tended to decrease PPI more
[t78 dB(14)=1.84; P=0.09 (two-tailed); t86 dB(14)=1.50;
P=0.16 (two-tailed)] than sertraline [t78 dB(7)=1.41;
P=0.20 (two-tailed); t86 dB(7)=0.55; P=0.60 (two-tailed)].
On the basis of the revealed PPI differences between the
treatment groups at baseline, the trend of reboxetine to
decrease PPI should be interpreted with caution.
Correlation of startle response and psychopathology
As shown in Fig. 2, the explorative data analysis showed a
significant positive correlation between the difference of
HAMD ratings (baseline—week 2) and the amplitude of
startle response of the first habituation block at baseline
and also to the mean amplitude of all PA 116 dB referring
to the entire sample [r1.block=0.54; P<0.01 (two-tailed);
rPA116=0.52; P<0.01 (two-tailed)]. HAMD ratings and
startle reactivity as well as habituation measured at
baseline and week 2 did not correlate. Furthermore,
improvement of depressive symptoms was not correlated
with the alteration of PPI, habituation or amplitude of ASR
(baseline—week 2). Thus, patients with higher startle
amplitude at baseline had a stronger improvement of
depressive symptoms, and strength of startle at baseline
therefore seems to be a predictor for response to antide-
pressant therapy.
Discussion
This study is the first investigation of the effects of a 2-
week treatment of SSRI and SNRI on ASR in patients with
major depression. The former data about involvement of
serotonin and noradrenalin on several conditions of ASR
on rodents and humans provides evidence for species-
specific mechanisms. As we had postulated, we found a
clear-cut attenuation of habituation by serotonergic treat-
ment. After 2 weeks of sertraline administration, the
patients showed an almost complete disruption of habit-
uation. Therefore, we have confirmed animal data that
described attenuation of habituation after administration of
SSRI (Geyer and Tapson1988; Martinez and Geyer 1997).
However, previous studies with humans did not report any
effect of SSRI administration on the habituation of ASR
(Phillips et al. 2000; Liechti et al. 2001). As expected, the
noradrenergic treatment did not alter habituation. Our
results are in line with the findings of Hellewell et al.
(1999) and Bond et al. (2003). They reported that
buspirone, an anxiolytic agent which reduces activity in
serotonin neurons via action at presynaptic somadendritic
5-HT1A autoreceptors in the raphe (Blier et al. 1990),
accelerated habituation of the skin conductance response
in an aversive classical conditioning paradigm with
acoustic stimuli in humans.
In contrast to the results of Liechti et al. (2001), there
was no evidence that the sertraline treatment increased
general startle reactivity reflected in the initial PA or in the
first habituation block. The trend for an increased startle
amplitude in the mean PA 116 dB trials observed in the
sertraline group at week 2 was an effect of the altered
habituation and not of altered startle reactivity. Contrary to
our expectations, treatment with reboxetine did not
modulate startle reactivity. A previous study with rats
did show a reduction of startle amplitude due to
administration of the noradrenaline reuptake inhibitor
desipramine (Kokkinides and McCarter 1990). In addition,
we did not found any alteration of PPI due to the sertraline
treatment, which is in line with previous findings in
rodents and humans (Martinez and Geyer 1997; Phillips et
al. 2000). The trend of the noradrenergic drug reboxetine
to decrease PPI described here is also consistent with the
finding of a PPI deficit after α1 receptor stimulation in
rodents (Carasso et al. 1998). However, in humans,
reboxetine did not alter PPI after single administration
(Phillips et al. 2000). The finding that reboxetine possibly
suppresses PPI, is remarkable insofar as findings of an
impaired PPI of the ASR in patients with schizophrenia
are thought to represent preattentive, i.e. automatic,
attention deficits (Hazlett and Buchsbaum 2001; Meincke
et al. 2001). On the other hand, reboxetine enhances
cognitive processes such as sustained attention in de-
pressed patients (Ferguson et al. 2003) and does not impair
cognitive abilities in healthy volunteers (Siepmann et al.
2001). In addition, reboxetine is used (only off-label so
far) to treat attention-deficit/hyperactivity disorder (Popper
2000). Therefore, the decrease of PPI due to reboxetine
may represent a different phenomenon than the PPI deficit
in schizophrenic patients.
Depressive symptoms decreased significantly in both
treatment groups after 2 weeks; therefore, the different
findings of startle examination could not be explained by
treatment failure of one substance. Patients treated with
reboxetine showed a faster treatment response than
patients treated with sertraline as reflected in stronger
reduction of the HAMD-score after 2 weeks. Furthermore,
the opposite effects on habituation of the two substances
could not be explained by different effects on the state of
arousal, since both drugs possesses activating rather than
sedative effects mostly.
Another finding of this study is the positive correlation
of baseline startle reactivity and improvement of depres-
sive symptoms. Untreated patients with high startle
response had the largest benefit of the antidepressant
treatment after 2 weeks. This phenomenon has not been
described to date and further examination of this possible
treatment predictor is of special clinical and scientific
interest.
It is of interest whether a basic mechanism such as
habituation has an effect on the everyday behavior of
patients treated with SSRI. The failure of habituation was
not related to the lesser therapeutic effect of sertraline,
because we did not find a correlation with improvement in
depressive symptoms and the alteration of habituation
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across treatment period. In addition, patients treated with
sertraline were not more jumpy, because the startle
reactivity in general was not altered. Perhaps these patients
have some problems in adapting to new environmental
conditions. This issue would be an interesting question for
further studies. Habituation is a simple form of learning
(Petrinovich 1973), but sertraline did not alter memory
functions in healthy volunteers (Siepmann et al. 2003) and
enhance long-term memory in rats (Barros et al. 2002). In
addition, there is some evidence for enhancement of
memory in healthy elderly volunteers (Furlan et al. 2001),
so that the habituation deficit may not be associated with
“higher” forms of memory. However, there appears to be
another behavioral correlate of a habituation deficit: Tse
and Bond (2002) described different effects of single doses
of the SSRI citalopram and the SNRI reboxetine on human
social behavior in healthy volunteers. Reboxetine in-
creased social engagement and cooperation and reduced in
self-focus. In contrast, citalopram produced self-protective
effects and did not enhance social functioning. The
behavioral changes were independent of mood. A
combination of the measurement of social behavioral
and startle habituation would explain a putative associa-
tion of the variables.
The different effects of the drugs on habituation
provided further evidence for fundamental different
mechanisms of antidepressive sites of action. The SNRI
reboxetine does not act directly at the serotonergic system
and also the putative indirect affects on the serotonergic
system may be different from the way in which SSRI are
acting.
Sensorimotor gating is used in animal models of
psychiatric disorders, in particular schizophrenia, because
the underlying structures and mechanisms appear simple
and known, but homologous models across species depend
on analogous responses to pharmacological treatment
(Swerdlow et al. 1999, 2000). In summary, there are
some data that replicate the findings of former animal
studies, but there are also some new data that lead to new
questions about homologous responses across species
relating to monoamine activity and ASR. A fundamental
problem of this kind of research is to differentiate acute
and chronic effects of drugs on ASR. Most of the studies
on rodents and humans reported above are carried out with
acute administration of psychotropic drugs, and little is
known about the chronic effects on ASR. There are
different and interesting effects of chronic versus acute
drug effects and studies with acute or chronic drug
application are difficult to compare, because of minimal or
no data of chronic effects. Thus, the results of the present
study should be interpreted with caution with respect to
the acute drug effects reported before. In the future, it will
be necessary to study long-term effects of drugs on ASR to
enhance our knowledge of psychotropic drug effects on
ASR in order to use this paradigm in animal models for
psychiatric disorders.
Our results provide the first evidence for different
effects of noradrenergic and serotonergic antidepressants
on processing of startle stimuli in depressed patients, but
there are some clear limitations of this study. Although
there is no evidence that ASR is altered in patients with
major depression, we could not determine the influence of
the depressive illness and of its interaction with the
pharmacological treatment on habituation and PPI of ASR,
due to the lack of a healthy control group. Thus, the
extrapolation of this data onto a normal condition is a
problematic issue and should only be done with caution.
On the other hand, to treat healthy controls with
antidepressants over a period of 2 weeks for investigating
chronic effects of psychotropic agents on ASR seems to be
ethically problematic. A solution to this problem might be
the parallel assessment of healthy controls without
psychotropic treatment to control at least possible differ-
ences between depressive patients and healthy controls.
However, a conceivable interaction of the underlying
disease and the pharmacological treatment could also not
be controlled in this way.
A further limitation is the differing sample size between
the two treatment groups due to higher dropout and non-
responder rates in the sertraline group. Thus, it is difficult
to generalize our findings from such a small sample size in
one treatment arm. Therefore, further studies with larger
sample sizes, healthy volunteers and placebo controlling
are desirable.
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Prepulse Inhibition and Habituation of Acoustic Startle
Response in Male MDMA (‘Ecstasy’) Users, Cannabis Users,
and Healthy Controls
Boris B Quednow*,1, Kai-Uwe Ku¨hn1, Klaus Hoenig1, Wolfgang Maier1 and Michael Wagner1
1Department of Psychiatry, University of Bonn, Germany
Chronic administration of 3,4-methylenedioxymethamphetamine (MDMA) is associated with long-term depletion of serotonin (5-HT)
and loss of 5-HT axons in the brains of rodents and nonhuman primates. Despite the broad database concerning the selective
serotonergic neurotoxicity of recreational MDMA consumption by humans, controversy still exists with respect to the question of
whether the well-known functional consequences of these neurotoxic effects, such as memory impairment, were caused by chronic
5-HT deficiency. Habituation and prepulse inhibition (PPI) of the acoustic startle response (ASR) can be used as a marker of central
serotonergic functioning in rodents and humans. Thus, we investigated the functional status of the central serotonergic system in chronic
but abstinent MDMA users by measuring PPI and habituation of ASR. PPI and habituation of ASR were measured in three groups. The
first group (MDMA group) included 20 male drug-free chronic users of MDMA; the second group (cannabis group) consisted of 20 male
drug-free chronic users of cannabis; and the third group (healthy controls) comprised 20 male participants with no history of illicit drug
use. Analysis revealed significantly increased PPI of MDMA users compared to those of cannabis users and healthy controls. Cannabis
users and healthy controls showed comparable patterns of PPI. There were no differences in habituation among the three groups. These
results suggest that the functional consequences of chronic MDMA use may be explained by 5-HT receptor changes rather than by a
chronic 5-HT deficiency condition. Use of cannabis does not lead to alterations of amplitude, habituation, or PPI of ASR.
Neuropsychopharmacology (2004) 29, 982–990, advance online publication, 18 February 2004; doi:10.1038/sj.npp.1300396
Keywords: MDMA; cannabis; sensorimotor gating; habituation; acoustic startle response; prepulse inhibition
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INTRODUCTION
The startle reflex is a fast response to a sudden, intense
stimulus such as a loud sound and consists of contraction of
the skeletal and facial musculature. This reflex is usually
classified as a defensive response. The acoustic startle
response (ASR) of mammals is mediated by a simple three-
synapse neuronal circuit located in the lower brainstem.
Neurons of the caudal pontine reticular nucleus are key
elements of this primary ASR pathway (Davis et al, 1982;
Koch, 1999). In humans, the eye-blink component of the
ASR is quantified by using electromyographic (EMG)
measurements of the orbicularis oculi facial muscle (Hoff-
man and Searle, 1968). The startle reflex shows several
forms of behavioral plasticity, such as prepulse inhibition
(PPI) and habituation. PPI refers to the reduction of ASR
magnitude when a distinctive nonstartling stimulus is
presented 30–500 ms before the startling stimulus. PPI is
used as an operational measure for sensorimotor gating that
reflects the ability of an organism to properly inhibit
sensory information (Graham, 1975; Hoffman and Ison,
1980). Habituation is a theoretical construct that refers to
the reduction in magnitude of ASR after repeated presenta-
tion of the startling stimulus that is not due to muscle
fatigue or blunting of sensory receptor responsiveness
(Groves and Thompson, 1970).
The magnitude, habituation, and PPI of the ASR are
neurobiological measures that are consistent phenomena
across species and are widely used to investigate sensori-
motor gating and information processing (Braff et al, 1992;
Geyer and Braff, 1987; Swerdlow et al, 1999).
3,4-Methylenedioxymethamphetamine (MDMA, ‘ecstasy’)
is a drug that is widely abused, especially by young people
(Christophersen, 2000). In animals, administration of
MDMA produces a rapid and marked release of serotonin
(5-HT) via inhibition and reversal of the 5-HT transporter
(Rudnick and Wall, 1992). There is convincing evidence
that MDMA produces a substantial and sustained long-term
neurotoxic loss of 5-HT nerve terminals with an associated
depletion of 5-HT in several brain regions of rats, guinea
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pigs, and several species of nonhuman primates (Stone et al,
1986; Commins et al, 1987; Schmidt, 1987; Battaglia et al,
1988; Insel et al, 1989; Wilson et al, 1989; Ali et al, 1993;
Scheffel et al, 1998; Hatzidimitriou et al, 1999; Taffe et al,
2001). Studies of MDMA use in humans have also shown
selective decrements in cerebrospinal fluid (CSF) concen-
trations of 5-hydroxy indoleacetic acid (5-HIAA) as a
marker for central serotonergic depletion, with no altera-
tions in CSF homovanillic acid (HVA) or 3-methoxy-4-
hydroxyphenylglycol (MHPG), the major metabolites of
dopamine and norepinephrine, respectively (McCann et al,
1994, 1999). Finally, an already huge body of evidence is
growing concerning neurotoxic effects and associated
neuropsychiatric consequences of recreational MDMA
consumption in humans, such as impaired cognition,
altered behavior, and increased risk of psychiatric illness
(for reviews, see McCann et al, 2000; Morgan, 2000; Parrott,
2000, 2001; Gouzoulis-Mayfrank et al, 2002b; Montoya et al,
2002). However, it remains unclear if these functional
consequences following chronic MDMA ingestion are an
effect of a chronic 5-HT deficiency condition (Kish, 2002).
One approach to measure the functional status of the
serotonergic system in chronic users of MDMA might be
offered by measurement of ASR, because several conditions
of ASR are sensitive to psychotropic drugs and were used as
functional markers of neurotransmitter systems in animals
and humans in previous studies (Braff et al, 2001; Geyer
et al, 2001).
Work with rodents suggests that acute administration of
5-HT releasers like MDMA, a-ethyltryptamine (AET), and
MDEA disrupts PPI (Mansbach et al, 1989; Kehne et al,
1996; Martinez and Geyer, 1997; Vollenweider et al, 1999)
and reduces habituation of ASR (Martinez and Geyer, 1997).
In contrast, acute MDMA administration in humans
increased PPI and did not alter habituation of ASR
(Vollenweider et al, 1999; Liechti et al, 2001). MDMA and
AET had no effect on the general startle reactivity (mean
amplitude of ASR) in humans and rodents (Martinez and
Geyer, 1997; Vollenweider et al, 1999; Liechti et al, 2001).
Acute administration of the 5-HT-depleting agent
p-chlorophenylalanine (PCPA) disrupted PPI in rodents
(Fletcher et al, 2001; Prinssen et al, 2002). This finding is
consistent with results of a previous study, which reported
decreased PPI after dietary tryptophan depletion in humans
(Phillips et al, 2000). The reported effects of 5-HT-depleting
agents on habituation in rodents are contradictory: in rats,
depletion of 5-HT by PCPA or p-chloroamphetamine
slowed down habituation of ASR (Conner et al, 1970;
Carlton and Advokat, 1973). However, other studies failed
to replicate this effect (Davis and Sheard, 1976; Overstreet,
1977), and one study reported acceleration of tactile startle
habituation (Geyer and Tapson, 1988). 5-HT or tryptophan
depletion and habituation of ASR in humans have not yet
been investigated. Depletion of 5-HT increased the baseline
startle amplitude in rats (Conner et al, 1970; Carlton and
Advokat, 1973), but not in humans (Phillips et al, 2000). It
is noteworthy that the effects of serotonergic drugs on PPI
and habituation of ASR reported above were studied only
for acute administration. Chronic administration of MDMA
and other serotonergic substances and their effects on
several conditions of ASR have not yet been studied in
humans.
In addition, some investigations have reported PPI
deficits in neuropsychiatric disorders with a supposed
serotonergic component such as obsessive–compulsive
disorder (Swerdlow et al, 1993) and Tourette’s syndrome
(Castellanos et al, 1996; Swerdlow et al, 2001).
The aim of the present study was to investigate the
functional status of the serotonergic system in users of
MDMA by ASR measurement. Thus, we measured magni-
tude, habituation, and PPI in chronic but recently abstinent
MDMA users compared to those attributes of a clinical
control group of cannabis users and healthy controls with
no history of drug abuse. The comparison with a control
group of cannabis users allowed us to estimate the influence
of the common concomitant use of cannabis in MDMA
users, which is discussed in previous works as being a
strong biasing factor in research with MDMA consumers
(Croft et al, 2001; Daumann et al, 2001; Gouzoulis-Mayfrank
et al, 2002a).
MATERIALS AND METHODS
Participants
PPI and habituation of ASR were measured in three groups.
The first group (MDMA group) included 20 male drug-free
chronic users of MDMA; the second group (cannabis group)
consisted of 20 male drug-free chronic users of cannabis;
and the third group (healthy controls) comprised 20 male
participants with no history of illicit drug use. MDMA users
were recruited by advertisement in a techno music
magazine. Cannabis users and healthy controls were
recruited by advertisement in a local newspaper. Subjects
of the MDMA group were required to have used MDMA at
least 50 times over a period of at least 1 year. In addition,
the use of MDMA had to clearly outweigh the consumption
of any other psychotropic drug. To be eligible for inclusion
in the cannabis group, no significant previous use of
amphetamine derivatives like MDMA and no previous use
of cocaine was allowed. ASR assessment was carried out
when probands were drug free for at least 3 days (period of
abstinence, 15.2972.64 days (mean7standard error of the
mean (SEM))). Inclusion criteria for the healthy controls
included negative urine drug test results. Legitimate use of
psychotropic medication and/or a history of psychiatric
illness were exclusion criteria for all groups. The groups did
not differ with respect to age, length of education, and
smoking habits. Compared to healthy controls, neither the
MDMA nor the cannabis group differed concerning
intellectual functioning as measured by the Mehrfachwahl-
Wortschatz-Intelligenztest (MWT-B) (Lehrl, 1999). How-
ever, the MDMA group and the cannabis group differed
significantly with respect to verbal intellectual performance.
None of the included subjects reported personal or family
history of any DSM IV axis I psychiatric diagnosis. None of
the participants had a history of migraine, epilepsy, or
craniocerebral trauma. The demographic data of the groups
are shown in Table 1.
The study was approved by the Ethics Committee of the
Medical Faculty of the University of Bonn. After being
informed of the aim of the study by written and oral
description, all participants gave written informed-consent
statements.
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Procedure
ASR assessments were carried out after informed consent
was given by all participants and after the administration
of a neuropsychological test battery (the results of
the cognitive testing will be published elsewhere). For
the estimation of verbal intellectual performance, the
Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B) (Lehrl,
1999) was used. In addition, an SKID-I interview conducted
according to DSM IV procedures was carried out by a
psychologist trained for the use of this instrument. Drug
history and present pattern of psychotropic drug consump-
tion were assessed by a structured interview. Subjects who
were screened for inclusion in the healthy control group
were urine tested for use of drugs. During the psychiatric
and neuropsychological assessment, the subjects could ask
for a break at any time. Smoking was not prohibited before
assessment or during the breaks.
Interview For Psychotropic Drug Consumption
For the assessment of the use of legal and illegal
psychotropic substances, a structured interview was devel-
oped that comprised questions concerning quantity, dura-
tion, and frequency of present and past consumption of all
known psychotropic substances. Quantity of drug con-
sumption was assessed for MDMA in terms of numbers of
tablets consumed. For cannabis and other substances, the
quantity was measured in terms of times of use, because it
was hard to evaluate and define the concept of a single dose.
On the basis of the actual and former substance intake, we
estimated a cumulative drug dose. It is to be emphasized
that this rough estimation is only of heuristic value. The
data for pattern and amount of drug consumption of the
groups are shown in Table 2.
Startle Response Measurement
Electrodes were attached while the participants were seated
in a comfortable chair. Subjects were advised that they
would hear white noise and bursts over the headphones and
were instructed to keep their eyes open. The eye-blink
component of the ASR was measured by using an
electromyographic startle system (EMG-SR-LAB; San Diego
Instruments, Inc., San Diego, CA); registration parameters
were described in detail elsewhere (Braff et al, 1992). Two
silver/silver chloride electrodes were positioned below and
to the outer canthus of the right eye over the orbicularis
oculi muscle, and a ground electrode was placed on the
glabella. All electrode resistances were less than 10 kO.
Acoustic startle stimuli were presented binaurally through
headphones (TDH-39-P; Maico). Each session began with a
4-min acclimation period of 70-dB background white noise
that was continued throughout the session. Subjects
received 61 sound pulses with a power of 116 dB and a
duration of 40 ms, separated by variable intervals (mean,
15 s). In 48 of the trials, the pulse was preceded by a 40-ms
prepulse with an interstimulus interval (ISI) of 120 ms of
four levels of intensity (72, 74, 78, and 86 dB; 12 trials each).
All trials were presented in pseudorandomized order. The
entire test session lasted about 20 min.
A total of 10 subjects were excluded because of minimal
or no startle response (ASR magnitude was o25 U)
according to the criteria of Braff et al (1992).
Statistical Analysis
The percent PPI was calculated for each prepulse (PP) trial
condition in startle magnitude in the presence of a PP
compared to the magnitude of the response to pulse-alone
(PA) trials (%PPI¼ 100 (PAPP)/PA); these data were
analyzed by analysis of variance (ANOVA) (group
prepulse trial condition, with repeated measures at factor
intensity) and by t-tests for independent samples (within
groups). PA trials were pooled in six blocks for assessing
habituation; these data were analyzed by ANOVA
(block group, with repeated measures at factor block).
The percent habituation was calculated as the reduction in
startle magnitude between the first and last block of PA
trials (%HAB¼ 100 (first blocklast block)/first block)
and the first and the second block; these data were analyzed
by ANOVA (group and block group, with repeated
measures at factor block) and t-tests for independent and
paired samples (within group). Startle magnitude was
assessed for each block of a session by using the mean
values of all PA trials; these data were analyzed by ANOVA
(group) and by t-tests for independent samples. Demo-
graphic data were analyzed by ANOVA and by independent
t-tests.
The confirmatory statistical comparisons of all data were
carried out at a significance level set at p¼ 0.05 (two tailed).
RESULTS
PPI
Figure 1 shows the percent PPI of ASR in all PP trial
conditions. PPI was strongly increased in MDMA users
Table 1 Demographic Data (Means and Standard Errors of the Means)
Total (n¼50, m) MDMA (n¼ 17, m) Cannabis (n¼16, m) Controls (n¼17, m) Valuea pa
Age 24.38 (5.05) 23.88 (5.77) 25.25 (4.55) 24.06 (4.94) F¼ 0.34 0.71
Smoker/nonsmoker 32/18 13/4 9/7 10/7 w2¼ 1.76 0.41
Verbal IQb 104.71 (10.21) 99.82 (10.61) 110.00 (9.83) 104.94 (8.00) F¼ 4.55 0.02
Years of education 12.70 (1.41) 12.24 (1.79) 13.13 (0.50) 12.80 (1.55) F¼ 1.74 0.19
aANOVA (over all groups) or w2 test (over all groups) for frequency data.
bt-Test (cannabis vs MDMA), po0.01.
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compared to that in the control groups. An ANOVA (PP
intensity group, with repeated measures at factor PP
intensity and smoking as a covariable) revealed a significant
difference between subject effect (F(2.47)¼ 3.30; po0.05)
and a main effect of the factor PP intensity
(F(3.141)¼ 87.82; po0.001)], reflecting the correlation of
PP intensity and PPI. The interaction of intensity and group
was not significant (F(6.141)¼ 0.93; p¼ 0.47). An analysis
of the within-subject contrasts showed the inverse linear
connection of the PP intensity and startle response
(F(1.47)¼ 161.99; po0.001).
ANOVA between the MDMA and the control groups,
respectively (PP intensity group, with repeated measures
at factor PP intensity and smoking as a covariable), are also
shown to be significant between subject effects
(Fcontrols(1.32)¼ 4.16; po0.05; Fcannabis(1.31)¼ 5.90;
po0.05), a significant main effect of the factor intensity
(Fcontrols(3.96)¼ 65.95; po0.001; Fcannabis(3.93)¼ 66.4;
po0.001), but no significant interaction was found between
intensity and group (Fcontrols(3.96)¼ 1.74; p¼ 0.17;
Fcannabis(3.93)¼ 0.22; p¼ 0.88). Cannabis users and healthy
controls did not differ in regard to PPI (F(1.31)¼ 0.13;
p¼ 0.72). t-Tests for independent samples between MDMA
users and healthy controls revealed a significant effect in the
two most intensive PP conditions (t78 dB(32)¼ 2.30; po0.05
(two tailed); t86 dB(32)¼ 2.22; po0.05 (two tailed)). t-Tests
for independent samples between MDMA users and
cannabis users revealed a significant effect in the 78-dB
PP condition (t78 dB(31)¼ 2.47; po0.05 (two tailed)) and
strong trends in the 72- and 86-dB PP conditions
(t72 dB(31)¼ 1.75; p¼ 0.09; t86 dB(31)¼ 1.73; po0.09 (two
Table 2 Pattern and Amount of Illegal Drug use: Results of the Psychotropic Drug Interview (Means and Standard Error of Means)a
Drug and Characteristic MDMA (n¼ 17, m) Cannabis (n¼16, m) Controls (n¼17, m)
MDMA
Tablets per week 1.71 (2.77) 0.01 (0.05) 0.00 (0.00)
Years of use 3.71 (1.97) 0.13 (0.50) 0.00 (0.00)
Cumulative dose (tablets) 424.64 (421.45) 7.93 (26.14) 0.00 (0.00)
Last consumption (days) 15.29 (10.88); n¼ 17 750.00 (975.81); n¼ 2 0.00 (0.00)
Cannabis
Times per week 1.70 (1.64) 4.19 (4.91) 0.00 (0.00)
Years of use 3.47 (2.85) 6.60 (3.98) 0.00 (0.00)
Cumulative dose (times) 604.71 (518.60) 1074.71 (1418.79) 0.00 (0.00)
Last consumption (days) 5.53 (4.96); n¼ 15 6.56 (4.88); n¼ 16 0.00 (0.00)
Amphetamine
Times per week 0.87 (1.38) 0.05 (0.17) 0.00 (0.00)
Years of use 3.35 (2.11) 0.75 (2.05) 0.00 (0.00)
Cumulative dose (times) 222.78 (291.75) 17.22 (64.85) 0.00 (0.00)
Last consumption (days) 20.04 (41.42); n¼ 12 240.00 (169.71); n¼ 2 0.00 (0.00)
Cocaine
Times per week 0.04 (0.11) 0.02 (0.06) 0.00 (0.00)
Years of use 0.62 (1.76) 0.31 (0.87) 0.00 (0.00)
Cumulative dose (times) 4.53 (12.93) 2.95 (9.83) 0.00 (0.00)
Last consumption (days) 36.00 (20.78); n¼ 3 17.50 (4.65); n¼ 2 0.00 (0.00)
Hallucinogens
Cumulative dose (times) 17.35 (24.86) 2.31 (4.55) 0.00 (0.00)
Last consumption (month) 7.00 (8.30); n¼ 13 7.20 (4.60); n¼ 5 0.00 (0.00)
aConsumption per week, duration of use, and cumulative dose are averaged within the total group. Last consumption is averaged only for persons who used the drug.
In this case, sample size, n, is shown.
Figure 1 Percent PPI of prepulse trials (means7SEM). *po0.05.
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tailed)]. t-Tests for independent samples of all PP condi-
tions between cannabis users and healthy controls revealed
no significant differences.
Habituation
Figure 2 shows the habituation curve of ASR diagrammed as
one initial 116-dB-pulse-alone (PA) trial and following six
blocks, where each block contains two 116-dB PA. The
process of habituation was not different among groups. An
ANOVA (block group, with repeated measures at factor
block and smoking as a covariable) revealed a significant
main effect of the factor block, reflecting within-session
habituation (F(5.235)¼ 18.53; po0.001), but no other main
effects. ANOVA between the MDMA and the control groups,
respectively (PP intensity group, with repeated measures
at PP factor intensity), are shown, also with no other main
effects.
Startle Reactivity
Figure 3 shows the general startle reactivity measured in
three variables: the initial PA trial, the first block of PA, and
the overall mean of all PAs. ANOVA performed for the
groups showed no significant differences in these variables.
However, there was a weak trend: the initial PA trial
produced less startle reaction in the cannabis group than
did the MDMA group (t(31)¼1.5; p¼ 0.15 (two tailed))
and the healthy controls (t(31)¼1.5; p¼ 0.15 (two
tailed)). This trend disappeared in more reliable measures
of startle reactivity, such as the first block of PA or the
overall mean of all PAs.
Correlation of ASR Measurement With Demographic
Data And Drug Consumption
The percent PPI of all conditions, variables of startle
reactivity, and percent habituation between blocks 1 and 6
correlate neither with period of abstinence (days) of MDMA
or cannabis (data are shown in Table 3) nor with age, length
of education, or verbal IQ. Furthermore, percent PPI, startle
reactivity, and habituation did not correlate with cumulative
MDMA or cannabis consumption, nor did they correlate
with smoking (cigarettes smoked per week).
CONCLUSION
To the best of our knowledge, this is the first controlled
study investigating ASR of chronic users of MDMA as well
as of chronic users of cannabis compared to that of healthy
controls. The object of this experiment was to investigate
the functional status of the serotonergic system of chronic
but recently abstinent users of MDMA by using measure-
ment of PPI of ASR as a functional marker of the central
5-HT system. Analysis revealed an increase of PPI of ASR in
users of MDMA. In addition, no influence of cannabis use
on several conditions of ASR was observed.
Previous animal data have shown that application of
MDMA causes a selective and sustained reduction of 5-HT
levels in the brain (Stone et al, 1986; Commins et al, 1987;
Schmidt, 1987; Battaglia et al, 1988; Insel et al, 1989; Wilson
et al, 1989; Ali et al, 1993; Scheffel et al, 1998; Hatzidimi-
triou et al, 1999; Taffe et al, 2001), and there is also some
evidence for selectively lowered serotonergic neurotrans-
mission in chronic MDMA users (McCann et al, 1994,
1999). Acute 5-HT depletion decreased PPI in animals and
humans consistently (Phillips et al, 2000; Fletcher et al,
Figure 2 Habituation curve diagrammed as mean amplitude of 116-dB-
pulse-alone trials in six blocks and a single initial 116-dB-pulse-alone trial
(means7SEM).
Figure 3 Startle reactivity displayed in the initial 116-dB PA trial, the first
block of 116-dB PA trials, and the mean amplitude of 116-dB-pulse-alone
trials (means7SEM).
Table 3 Correlations of Percent PPI of all Conditions, Variables of
Startle Reactivity, and Percent Habituation Between Blocks 1 and 6
with Period of Abstinence (days) of MDMA or Cannabis Intake.
None of the Correlation Coefficients was Statistically Significant
(Pearson’s Product Moment Correlation)
Duration of
abstinence
of MDMA
(days) n¼ 19a
Duration of
abstinence
of cannabis
(days) n¼ 31a
% PPI 72 dB prepulse 0.16 0.21
% PPI 74 dB prepulse 0.02 0.35
% PPI 78 dB prepulse 0.11 0.27
% PPI 86 dB prepulse 0.09 0.08
Initial pulse-alone trial 0.02 0.11
Pulse-alone trials, block 1 0.15 0.16
Pulse-alone trials, mean 0.07 0.21
% Habituation, block 1–6 0.27 0.06
aThese correlations were analyzed overall participants.
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2001; Prinssen et al, 2002), but surprisingly, we found
increased PPI for chronic users of MDMA, indicating
alterations of neurotransmission other than just lowered
5-HT. One possible explanation is specific alterations at the
receptor level that occur due to chronic MDMA exposure.
For example, acute injury with other selective 5-HT
neurotoxins can cause denervation supersensitivity of
5-HT receptors (Quattrone et al, 1981; Lucki et al, 1989;
Berendsen et al, 1991). An enhancement of PPI due to
serotonergic challenge is relatively uncommon (for a review,
see Braff et al, 2001; Geyer et al, 2001). For rodents, acute
application of the partial 5-HT1A agonist buspirone
(Johansson et al, 1995), as well as the 5-HT2A antagonist
M100907 (Zhang et al, 1997), increased PPI. For humans,
the mixed 5-HT2 and 5-HT1 agonist psilocybin also
increased PPI (Gouzoulis-Mayfrank et al, 1998). Thus, our
results of increased PPI in chronic but recently abstinent
MDMA users may have been due to alterations of the
sensitivity and/or the density of 5-HT2 and/or 5-HT1
receptors due to long-term MDMA exposure. This hypoth-
esis is consistent with the findings of a number of studies
that have tracked long-term changes in specific 5-HT
receptors: McGregor et al (2003) reported dose-dependent
alterations of cerebral 5-HT1B and 5-HT2A/2C receptor
densities after MDMA exposure in rats. McCreary et al
(1999) showed supersensitivity of 5-HT1B and/or 5-HT1A
receptors after withdrawal from repeated MDMA treatment
in rats. Two studies showed an increase of 5-HT1A receptor
density in the frontal cortex of rats after single and repeated
MDMA treatment (Aguirre et al, 1995, 1998). Furthermore,
it has also been reported that high-dose MDMA treatment
causes transient upregulation of 5-HT1B receptors (Sexton
et al, 1999). A higher 5-HT2A receptor density in cortical
regions has been shown in former MDMA users and in rats
30 days after MDMA treatment, whereas current MDMA
users and rats treated with MDMA 6 h prior have shown
lower 5-HT2A receptor density in cortical regions (Reneman
et al, 2002). With our method, we could not differentiate
between altered 5-HT receptor sensitivity and density, and
future studies should try to deconstruct these different
mechanisms.
An alternative explanation for the increased PPI in users
of MDMA would be acute effects of the drug, as previously
reported (Vollenweider et al, 1999; Liechti et al, 2001). In
fact, the duration of abstinence was at least 3 days, and
transient mood disturbances within 1 week following
MDMA intake have been previously reported (Parrott and
Lasky, 1998). However, the mean period of MDMA
abstinence was 15.29 (SEM, 2.64) days, the median was 14
days, and more than 75% of our MDMA users reported an
abstinence of MDMA for more than 1 week. Furthermore,
the period of abstinence of MDMA did not correlate with
PPI. These facts suggest that the increase of PPI probably
cannot be explained by an acute pharmacological effect of
MDMA. In the MDMA and the cannabis groups, the
duration of abstinence from cannabis was considerably
shorter, and it is known that there is a withdrawal syndrome
lasting for several days following cessation of cannabis use
(Haney et al, 1999). However, the fact that the duration of
abstinence from cannabis in both groups was comparable
but that an increase of PPI was shown only in the MDMA
group suggests that the observed increase of PPI is not an
acute effect of cannabis cessation. This assumption is
further supported by the lack of a correlation between the
duration of abstinence of cannabis and PPI.
One limitation of this study is that the history of drug
consumption was assessed only by using subjective reports.
Thus, the reliability of the data must be questioned. A drug
usage screening would be helpful to at least control for acute
and postacute drug effects within a few days before
assessment. A related problem concerns the fact that the
exact consumption pattern of drugs across an individual’s
lifetime is objectively not calculable (Curran, 2000).
However, Stuerenburg et al (2002) found a concordance
of 91.3% between the self-reported drug intake and
toxicological analyses of hair specimens in a sample of
German MDMA users.
The habituation as well as the startle reactivity of ASR of
MDMA users was not altered. This finding is consistent
with the only study of ASR after chronic administration
of MDMA in rats (Slikker et al, 1989). Although the
MDMA group showed a slower but more sustainable
habituation, the overall process of habitation was not
different among the groups. Furthermore, the MDMA
users investigated in this study showed other functional
consequences, such as severe impairments of verbal
declarative memory and decision making, and they
exhibited glucose hypometabolism as measured by
18-FDG positron emission tomography in the frontal cortex,
brainstem, and thalamus (data not shown). These data will
be published elsewhere.
We investigated a clinical control group of cannabis users
to account for a possible effect of the existing concomitant
use of cannabinoids on the ASR of our MDMA users and to
estimate the influences of personality variables in illegal
drug users. Since the increase of PPI was measured between
MDMA users and healthy controls as well as between
MDMA users and cannabis users, our results could not be
explained by personality factors or concomitant cannabis
abuse by MDMA users.
Cannabis users did not show any significant alterations of
startle reactivity, PPI, or habituation of ASR. This is
remarkable insofar as it has been previously shown that
acute application of a cannabinoid receptor agonist (CB1)
decreases PPI (Schneider and Koch, 2002) and/or startle
reactivity (Mansbach et al, 1996; Martin et al, 2003) in rats.
However, contradictory results have been reported by
Stanley-Cary et al (2002), who observed that equivalent
doses of the CB1 receptor agonist CP 55,940 increase startle
amplitude and PPI in rats. Perhaps these are only acute
effects of cannabinoid receptor agonist on ASR; the subjects
of the cannabis group were drug free for at least 3 days, and
the mean duration of abstinence from cannabis was 6.6
(SEM, 4.9) days. In fact, tetrahydrocannabinol (THC)
plasma elimination half-lives ranged between 18 and 50 h
after radiolabeled THC administration (Huestis and Cone,
1998). An elimination of 95% of a substance takes about five
half-lives; therefore, THC takes 3.8–10.4 days to be almost
fully eliminated. Even so, we found no significant differ-
ences in ASR between the cannabis group and our healthy
controls. To the best of our knowledge, there are to date no
published data on the influence of cannabis, its psychoac-
tive components, or cannabinoid receptor agonists on PPI
and habituation of ASR in humans.
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A fundamental problem of investigations in this research
area is to differentiate between the acute and chronic effects
of drugs on ASR. Most of the studies of rodents and humans
reported above have been carried out by using acute
administration of psychotropic drugs. Little is known about
the chronic effects on ASR and underlying mechanisms of
neurotransmission. There are different and interesting
effects of chronic vs acute drug effects, and studies with
acute or chronic drug application are difficult to compare
because of minimal or no data regarding chronic effects. In
the future, it will be necessary to study long-term effects of
drugs on ASR combined with neurochemical investigations
to enhance our knowledge of psychotropic drug effects on
ASR. In order to use this paradigm in animal models for
psychiatric disorders, it would be of particular interest to
determine whether the effect reported here may be
replicated in rodents.
Given our results, one could speculate that the empirical
findings supported functional consequences of MDMA
consumption, such as memory disturbance, elevated
impulsivity, or increased risk for psychiatric illness, are
less an effect of the supposed 5-HT depletion than they are
of changes at the receptor level. Further studies will be
needed in order to confirm this speculation with a more
specific methodological inventory, which should include
combined measurements of behavioral and neurochemical
variables. Perhaps this will provide new possibilities for the
prevention or treatment of neurotoxic lesions due to
MDMA misuse.
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dmpaired Prepulse Inhibition of Acoustic Startle in
bsessive-Compulsive Disorder
laus Hoenig, Andrea Hochrein, Boris B. Quednow, Wolfgang Maier, and Michael Wagner
ackground: Animal and clinical studies suggest that impaired sensorimotor gating, as assessed with the prepulse inhibition (PPI)
aradigm, may result from dysfunctional frontostriatal brain circuits and from neurochemical alterations which are also implied in
he pathophysiology of obsessive-compulsive disorder (OCD). However, there is only preliminary evidence about impaired PPI in OCD
o far.
ethods: Acoustic PPI was measured in 30 OCD patients and 30 matched healthy controls with a paradigm using different prepulse
ntensities. Psychopathology assessment included ratings for obsessions, compulsions, and depression.
esults: PPI was reduced in OCD patients, and this deficit was most pronounced for most intense (16 dB(A)) prepulses, where mean
PI was 39.6% in unmedicated patients (n  4), 45.8% in medicated patients, and 58.9% in controls. No group differences were
bserved with regard to the habituation of acoustic startle magnitude. Startle measures were generally not associated with clinical
easures, although such associations may have been obscured by medication effects.
onclusions: The present study confirms deficient central inhibitory functioning in patients with OCD and supports the model of
eficient frontostriatal circuits in OCD. The relationship of PPI deficits to pharmacological and behavioral treatment and to possible
ubtypes of OCD merits further study.ey Words: Obsessive-compulsive disorder, prepulse inhibition,
abituation, acoustic startle response, sensorimotor gating, clinical
tudies
ndividuals with obsessive-compulsive disorder (OCD) are
characterized by an inability to inhibit both undesired intru-
sions (thoughts or images) and repetitive stereotypical be-
avior (e.g., excessive washing or checking). OCD symptoms
ave been associated with dysfunctions in cortico-striato-pallido-
ontine (CSPP) circuits (for a review, see Stein 2002, 2000;
ilson 1998). These circuits are also known to regulate both the
tartle reflex and the inhibition of this reflex by weak prepulses
Swerdlow et al 2001; Koch 1999).
The startle reflex constitutes a reflexive contraction of the
keletal and facial muscles in response to a sudden, relatively
ntense stimulus that may be presented across multiple modali-
ies (visual, auditory, or tactile). In human studies, electromyo-
raphy (EMG) of the orbicularis oculi muscle is typically used to
easure the eye-blink component of the acoustically evoked
tartle reflex. Interest in the startle response has been motivated
rimarily because of two forms of plasticity that are evident
cross species: prepulse inhibition (PPI) and habituation.
PPI, first described by Graham (1975), is defined as a reduc-
ion of the startle reflex because of a weak sensory prestimula-
ion. Further developments by Braff and colleagues (1978, 1992)
ave firmly established PPI as an operational measure of (defi-
ient) sensorimotor gating. Sensorimotor gating is a process
hereby a sensory event (e.g., acoustic prepulse) suppresses the
otor response (e.g., eye blink) to a later stimulus (e.g., acoustic
tartle stimulus), thus enabling the organism to process relevant
nformation selectively and efficiently.
The neurochemistry and neuroanatomy implied in the patho-
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oi:10.1016/j.biopsych.2005.01.040physiology of OCD are also important in the mediation of the
startle reflex and its inhibition. Converging evidence from func-
tional neuroimaging studies in OCD has implicated dysfunction
in a cortic-striato-thalamo-cortical network (Saxena et al 1998),
including metabolic hyperactivity primarily within the orbito-
frontal cortex and the striatum, which is accentuated during
symptom provocation (Rauch et al 1994; Breiter et al 1996) and
attenuated following successful treatment (Baxter et al 1992;
Schwartz et al 1996; Nakatani et al 2003). Morphometric studies
in OCD also reported subtle volumetric abnormalities in the
fronto-striatal brain regions (Robinson et al 1995; Rosenberg et al
1997; Pujol et al 2004). These fronto-striatal brain regions, which
are found to be impaired in OCD patients, are also important for
the mediation of the startle response and its inhibitory control
(Swerdlow et al 1995b; Kumari et al 2003).
Modulations of the startle response and PPI-regulating CSPP
circuits are brought about by several neurotransmitter systems
(Koch 1999), including—among others—serotonin (5-HT) and
dopamine, that are also known to be implicated in the patho-
physiology of OCD (Stein 2002). Dysfunction of the serotonin
system in OCD has been hypothesized primarily because of the
anti-obsessional efficacy of selective serotonin reuptake inhibi-
tors (SSRIs; Baumgarten and Grozdanovic 1998). However, se-
rotonin does not have a singular role in OCD (Goodman et al
1992). Preclinical evidence points to important interactions be-
tween both systems (Kapur and Remington 1996), and there is
increasing evidence for an additional involvement of the dopa-
mine system in OCD: the dopamine system has shown its impor-
tance for stereotypical behavior in animal models (Goodman et al
1990). Pharmacologic agents influencing the dopaminergic sys-
tem (e.g., cocaine, bromocriptine) have been shown to induce
obsessive-compulsive symptoms (Jenike et al 1990). Conversely,
anti-dopaminergic augmentation was reported to be useful in
SSRI monotherapy–refractory OCD patients (McDougle et al
1994, 2000; Bystritsky et al 2004). It is interesting that dopamine
agonists were also found to disrupt PPI in rodents, whereas
anti-dopaminergic substances were shown to have an antagoniz-
ing effect on PPI disruptions both in rats (Geyer et al 2001) and
in humans (Kumari et al 1999, 2000; Weike et al 2000; Hamm et al
2001). Furthermore, clinical evidence also includes the observa-
tion that infarcts of the basal ganglia, which are intimately linked
BIOL PSYCHIATRY 2005;57:1153–1158
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wo rich dopaminergic innervations, have been associated with the
ate-onset emergence of obsessive-compulsive behavior (Carmin
t al 2002). Finally, in line with this reasoning for an involvement
f the dopaminergic system in the pathophysiology of OCD,
enys et al (2004) have recently provided in vivo evidence for
bnormal dopamine function in the caudate nucleus of OCD
atients, as indicated by down-regulation of the dopamine D2
eceptor density in this brain region.
The phenomenology of OCD includes obsessive intrusions (the
nability to inhibit undesired thoughts or images) and repetitive
tereotypical behavior (e.g., excessive washing or checking). The
ssumption that poor inhibition in OCD, defined at the level of
ntrusive obsessions and compulsions, might be related to poor
nhibition at the level of prepulse-related startle attenuation is
ntriguing. Such a link might be helpful for further elucidation of
he neurocognitive substrate of the disinhibition seen in patients
ith OCD. Some evidence in favor of such a relationship
etween physiological and clinical inhibition deficits has been
ound in a study by Perry and Braff (1994), who demonstrated in
chizophrenics a correlation between startle PPI and thought
isorder, as assessed by the “suppression” failures on the Ego
mpairment Index. However, another attempt to link inhibitory
ensorimotor gating (PPI) with a range of cognitive inhibition
easures was not successful (Swerdlow et al 1995a).
Reductions in PPI have been demonstrated in various clinical
onditions in which impaired cognitive, motor, or sensorimotor
nhibition as well as deficient functioning of CSPP brain circuits are
ommonly implied: schizophrenia (e.g., Braff et al 1978, 1992;
olino et al 1994; Kumari et al 2000; Weike et al 2000; Parwani et al
000), schizotypal personality disorder (Cadenhead et al 1993),
untington’s disease (Swerdlow et al 1995b), Tourette syndrome
Castellanos et al 1996), and Asperger’s syndrome (McAlonan et al
002). Empirical evidence for a likewise impairment in patients with
CD, however, is still scarce and least conclusive.
In a preliminary assessment of sensorimotor gating in OCD,
werdlow et al (1993) reported deficient PPI in a small group of
1 patients. Swerdlow et al (1993) observed deficient PPI in OCD
atients with 4-dB(A) prepulse intensity (above background) but
ot with 16-dB(A) prepulses. As the authors acknowledged, this
attern differs from the loss of PPI in most of the other patient
roups, all of whom demonstrate PPI impairments with the most
ntense PP [16 dB(A)]. In fact, Swerdlow et al (1994) later
eported in an abstract less PPI in OCD patients over a range
rom 2-16-dB(A) prepulse intensities and no significant interac-
ion with prepulse intensity.
To summarize, the evidence on PPI in obsessive-compulsive
isorder is rather scarce, despite the strong neurobiological plausi-
ility for a PPI deficit in OCD. This study was designed to investigate
ensorimotor gating through PPI in a larger sample of OCD patients
n order to replicate the preliminary findings (Swerdlow et al 1993)
nd to explore some possible clinical correlates.
ethods andMaterials
ubjects
Written informed consent was obtained from 34 OCD outpa-
ients and 33 healthy control subjects (see Table 1), who were
atched for age, sex, and verbal IQ. All patients met diagnostic
riteria for obsessive-compulsive disorder according to the
SM-IV (American Psychiatric Association 1994). All participants
nderwent structured clinical interviews using the Schedule for
ffective Disorders and Schizophrenia—Lifetime Version Modi-
ied for the Study of Anxiety Disorders (SADS-LA). Healthy
ww.elsevier.com/locate/biopsych
58control subjects must have been free of a lifetime history of
psychiatric and neurologic disease. Exclusion criteria for OCD
patients demanded the absence of any other Axis I or II
psychiatric disorder (except for comorbid major depression),
significant medical or neurologic illness, history of substance
abuse or dependence (excluding nicotine and caffeine), or any
history of head trauma or loss of consciousness. The study
protocol was approved by the Ethics Committee of the Medical
Faculty of the University of Bonn.
Using the Yale-Brown Obsessive-Compulsive Scale (YBOCS;
Goodman et al 1989), psychopathology ratings were performed
on the day of testing to assess overall OCD severity as well as
obsession and compulsion subtotals (YBOCS-O and YBOCS-C,
respectively). Since depression is the highest co-occurring psy-
chopathology in OCD (Barlow 1988; Rasmussen and Tsuang
1986), symptoms of depression were also assessed using Beck’s
Depression Inventory (BDI; Hautzinger et al 1995). In addition,
an assessment of verbal intellectual functioning was done in each
participant (Schmidt and Metzler 1992).
Except for four patients who were unmedicated, all OCD
patients were on a stable medication: exclusively with SSRIs (n
12); with tricyclic substances exclusively (TCS; n  4) or in
combination with SSRIs (n  2); or with antipsychotics (APS) in
combination with SSRIs (n  8).
Three healthy subjects and four OCD patients were dropped
from further analysis because they were found to be nonstartlers
(mean PA amplitude of first block  25 units) according to the
criteria of Braff et al (1992). The excluded OCD patients did not
differ from the remaining OCD patients in terms of clinical
symptomatology (obsessions, compulsions, depression) or with
respect to demographic characteristics or age of illness onset.
Startle ResponseMeasurement
All participants initially underwent a brief hearing screening
to ensure hearing function within normal limits. Participants
were excluded on the basis of hearing impairment at 40 dB(A)
(1000 Hz). All subjects passed this screening.
The participants were comfortably seated in a chair next to
the recording equipment. They were informed that they would
hear white noise and bursts over the headphones and asked to
look straight ahead and keep their eyes open during the test
session. The eyeblink component of the acoustic startle response
(ASR) was assessed by recording the electromyogram (EMG) of
the right orbicularis oculi muscle. EMG activity was amplified
and digitized with a commercially available computerized startle
Table 1. Demographic Data and Rating Scales (Mean SEM)
OCD Control
n 30 30
Gender (f/m) 15/15 15/15
Smokinga (y/n) 10/20 15/15
Age 32.2  1.4 30.8  2.1
Verbal IQ 109.1 2.2 109.6  1.8
YBOCS 16.9  1.8
YBOCS-O 8.4  1.2
YBOCS-C 8.4  1.1
BDI 13.1  1.9
AoO (years) 18.2  1.9
a2 1.71, p 0.19; OCD, obsessive-compulsive disorder; YBOCS, Yale-
Brown Obsessive-Compulsive Scale-obsession (O) and compulsion (C); BDI,
Beck Depression Inventory; AoO, age of illness onset.response monitoring system (EMG-SR-LAB; San Diego Instru-
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K. Hoenig et al BIOL PSYCHIATRY 2005;57:1153–1158 1155ents, San Diego, California). Two Ag/AgCl electrodes were
laced approximately 1 cm lateral to and .5 cm below the lateral
anthus, and 1 cm under the right eye, respectively. A third
round electrode was positioned on the glabella. Electrode
mpedances were kept below 10 k. Acoustic startle stimuli were
inaurally presented through headphones (TDH-39-P; Maico,
inneapolis, Minnesota).
The design parameters were identical to those employed in
he preliminary assessment of PPI in OCD (Swerdlow et al 1993),
xcept that the intertrial intervals were chosen to vary between
0 and 20 seconds (average 15 seconds), whereas Swerdlow and
olleagues varied them between 15 and 45 seconds (average 30
econds). Each session began with a 4-minute acclimation period
onsisting of 70-dB(A) white noise, which continued as the
ackground noise throughout the session. Pulse-alone (PA) trials
omprised a 40-msec white noise burst of 116 dB(A) over
0-dB(A) background. Prepulse (PP) trials comprised a 20-msec
hite noise burst of 2, 4, 8, or 16 dB(A) above background, with
nset 120 msec prior to PA presentation. These four PP trials, the
A trial, and a no-stimulus trial [0 dB(A) above background] were
resented pseudorandomly in six blocks of 12 trials, with a single
nitial PA at the beginning of the session (73 trials in total).
The amplifier gain was kept constant for all subjects, and the
MG was recorded from the onset of the acoustic startle stimulus
or 250 msec with a sampling rate of 1000 Hz. Voluntary and
pontaneous blinks were excluded from further analysis using
he registration parameters and exclusion criteria described in
etail by Braff et al (1992). The latency to startle response onset
in msec) was defined by a shift of six digital units from the
aseline value occurring 18 to 100 msec after the acoustic startle
timulus. Latency to response peak (in msec) was defined as the
oint of maximal amplitude that occurred within 150 msec after
he startle stimulus. Response rejections were made both in cases
f onset-to-peak latencies of more than 95 msec and baseline
hifts of more than 90 units.
tatistical Analysis
Percent PPI was calculated by relating the mean startle magni-
ude of each PP condition to the mean PA magnitude ([(PA –
P)/PA]  100). Group differences in PPI were assessed within
n analysis of covariance (ANCOVA) model including the be-
ween-subject factor group (control vs. OCD), the within-subject
epeated measures on PP intensity [4, 8, and 16 dB(A)], and
moking/nonsmoking as a covariate. The lowest prepulse inten-
ity [2 dB(A) above background] was dropped from further
nalysis because it did not yield significant PPI in either healthy
ontrol subjects or subjects with OCD. Although the difference in
he number of smokers among the groups was not statistically
ignificant, the variable smoking/nonsmoking was included as a
ovariate in the statistical analysis to address the slightly higher
umber of smokers among control subjects. Variance compo-
ents pertaining to the variable smoking/nonsmoking were
xtracted because it has been shown that nicotine intake can
ave an enhancing influence on PPI (Duncan et al 2001). Group
ifferences on habituation of the startle response were assessed
y submitting the data of PA trials to a two-way analysis of
ariance with the between-subject factor group (control vs.
CD) and the within-subject repeated measures factor block (1
o 6). Univariate F tests with more than one degree of freedom in
he numerator were adjusted by means of the Greenhouse-
eisser (GG) correction (Winer 1971). The original degrees of
reedom and the adjusted p values (GG) are reported. All
ignificant interactions were followed up with post-hoc tests.Results
Demographic and Clinical Characteristics
Demographic data and psychopathology ratings are shown in
Table 1. Both groups did not differ significantly with respect to
age, gender, and verbal intelligence. There was also no differ-
ence in the ratios of smokers and nonsmokers (2  1.71, p 
.19). YBOCS scores (Table 1) suggest that OCD patients experi-
enced moderate obsessions and compulsions. Average depres-
sive symptomatology was at a subclinical level with mild to
moderate expression.
Prepulse Inhibition (PPI)
PPI results are given in Figure 1. The ANCOVA model for the
percent inhibition data revealed significant main effects for group
[F (1,56)  4.63, p  .03] and prepulse type [F (2,112)  106.41,
p  .001 (GG)]. No main effect was found for smoking [F(1,56) 
.01, p  .91]. The interaction between group and prepulse type
was significant [F (2,112)  3.40, p  .04 (GG)]. Post-hoc
comparisons performed separately for each prepulse type re-
vealed significant differences only for 16-dB(A) trials [t (56) 
2.99, p  .0041]. None of these effects was qualified further by
any other significant interaction.
Overall, the main effect of prepulse type shows that the chosen
startle design evidenced PPI well within the normal range. The total
amount of PPI was slightly larger in healthy control subjects than in
OCD patients. Group differences in PPI were found exclusively with
16-dB(A) prepulses [PPI (mean  standard error of the mean):
healthy controls  58.9%  3.8% vs. OCD patients  44.8% 
3.5%].
Habituation
Figure 2 shows habituation curves of the acoustic startle
responses (PA) depicting the initial PA trial followed by six blocks of
two PA trials each. The group (2)  block (6) repeated-
measures analysis of variance model for the habituation of PA
trials revealed no significant main effect for group [F (1,40) 
2.06, p  .16] and a highly significant main effect for block
[F (5,200)  15.19, p  .001 (GG)], signifying strong within-
session habituation. The block effect was not further qualified by
a significant interaction [F (5,200)  1.24, p  .30 (GG)], thus
reflecting no difference between both groups regarding the
habituation process.
Correlations Between PPI and Clinical Ratings
Spearman correlations (rs) were computed between percent
PPI (4, 8, and 16 dB(A)) and the demographic variables (age,
verbal IQ) and the clinical ratings (YBOCS total, YBOCS-O,
YBOCS-C, BDI, and age of illness onset) for all 30 OCD patients.
Two out of the 21 correlations were nominally significant: PPI at
the 4 dB(A) trials was found to correlate negatively with both the
YBOCS total score (rs  .44, p  .01) and with the YBOCS
subtotal for obsessions (rs  .53, p  .01).
Discussion
Prepulse inhibition of the acoustic startle response was found
to be impaired in moderately symptomatic patients with OCD.
This deficit was most pronounced (effect size d  .79) at the
strongest prepulse intensity, the only intensity level giving rise to
a significant group difference when tested alone. This finding
constitutes a partial replication of the preliminary assessment of
PPI in OCD by Swerdlow et al (1993) in that both studies found
reduced PPI. However, unlike the finding of Swerdlow and
www.elsevier.com/locate/biopsych
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wolleagues, the results of this study suggest deficient sensory
ating in OCD with 16-dB(A) prepulse intensities but not with
ntensities of 4 dB(A).
The pattern of deficient PPI in patients with OCD at the most
ntense prepulse level is in accordance with the PPI impairments
ound with high intensity prepulses in patients with schizophre-
ia (Weike et al 2000; Kumari et al 2000; Parwani et al 2000),
chizotypal personality disorder (Cadenhead et al 1993, 2000),
nd Huntington’s disease (Munoz et al 2003). In all these cases,
owever, only high intensity prepulses have been used. Fewer
tudies have used multiple prepulse intensities. In some of these
tudies, patients with schizophrenia and Asperger’s syndrome
howed a PPI deficit only at 16 dB(A) (Braff et al 1999; McAlonan
t al 2002), while other studies in schizophrenia and Huntington’s
isease found deficits across all prepulse intensities (Swerdlow
t al 1995b; Grillon et al 1992). Prepulse-inhibition is generally
ore reliable for stronger than for weaker prepulses (Cadenhead
t al 1999), and PPI group differences may show up in some
tudies at the strongest intensity simply for that psychometric
eason. However, a selective PPI impairment at low prepulse
ntensities has never been described except in the study of
werdlow et al (1993). The most parsimonious explanation for
he 4-dB(A) finding of Swerdlow and colleagues might be the
xceptionally high level of PPI in their control subjects at this low
ntensity (35%, as compared with 13% in the present study, and
s compared with 12% in a larger sample of controls studied by
werdlow et al (1994, personal communication).
The PPI deficit in OCD suggests a dysfunction within CSPP
ircuits, which are known to be important for the mediation of
he acoustic startle response and its inhibitory control, albeit the
imilarities in PPI impairments with most intense prepulses
etween OCD and other disinhibition disorders do not necessar-
ly imply pathology in the same neuronal substrate. Although it is
till premature to speculate on the precise neuronal correlates of
PPI impairment in OCD, it might be hypothesized that the locus
f impairment is within a prefrontal-striatal network. Neurobio-
ogical models of OCD suggest that intrusive symptoms might be
articularly associated with perturbations of the striatal part of
his network (Rauch et al 1998).
The present data do not suggest that the PPI reduction in OCD
s an artifact of medication, although they do not rule out
pecific, and potentially interesting, pharmacological effects of
edication on PPI in OCD. The present PPI finding at 16 dB(A)
igure 1. Percent PPI for each of the four prepulse types (mean SEM). PPI,
repulse inhibition; OCD, obsessive-compulsive disorder. * p .05.an hardly be explained on the basis of medication effects
ww.elsevier.com/locate/biopsych
60because the four unmedicated OCD patients in our study had a
mean PPI value (39.5%) that was numerically even below the
OCD group mean (44.8%). Furthermore, patients treated with
antidepressants only had similar PPI values like the unmedicated
group (SSRI alone, n  12, 41.8% PPI, SSRI/TCS combination,
n  6, 39.8% PPI). Interestingly, the PPI in a subgroup treated
with antidepressants and additionally with antipsychotics (n 8)
was similar to the healthy group mean value (55.8% vs. 58.9%).
This would be in line with reports on increased PPI after
antipsychotic treatment both in animals (for a review, see Geyer
et al 2001) and in humans (Kumari et al 1999, 2000; Weike et al
2000; Hamm et al 2001). Also, more specifically to OCD, this
observation would also be in line with recent demonstrations
that antipsychotic augmentation might be efficacious in treat-
ment-refractory OCD (e.g., Bystritsky et al 2004; D’Amico et al
2003; Hollander et al 2003; Bogetto et al 2000). Of course, these
incidental observations can only help to generate hypotheses for
further research. Controlled studies are needed to systematically
study the effects of distinct therapeutic drugs on PPI in OCD.
In our own controlled study with depressive patients, we
recently demonstrated that the serotonergic reuptake inhibitor
sertraline did not alter PPI, while the noradrenergic reuptake
inhibitor reboxetine tended to decrease PPI (Quednow et al
2004). Carasso et al (1998) reported PPI deficits after 1-receptor
stimulation in rodents, and genetic studies in mice have shown
that the inactivation of 2-noradrenergic genes resulted in de-
creased PPI, whereas 2 overexpression increased PPI (Sallinen
et al 1998; Lähdesmäki et al 2004). A disruptive effect on PPI can
therefore be assumed for tricyclic substances as well, which have
antagonistic properties with regard to both the dopaminergic and
the noradrenergic system.
The literature reported above suggests that some classes of
medication (antipsychotics and noradrenergic antidepressants
including TCSs) may affect PPI in humans, while others (e.g.
SSRIs) may not. If this is also true for drug effects on PPI in OCD,
correlational links between PPI levels and clinical variables like
type and severity of OCD symptoms, or age of onset, would be
difficult to establish, because in clinical samples the type of
medication can be inextricably confounded with such clinical
variables. This may also explain that most correlations with
clinical variables were not significant in our study, except for two
correlations between PPI at 4-dB(A) prepulse intensity and the
YBOCS-total score and the subtotals for obsessions (YBOCS-O;
contributing to the YBOCS-total score), respectively. Given that
no significant group differences were observed at this prepulse
intensity, these correlations are most likely a spurious result of
chance, or of the aforementioned possible medication confounds.
Figure 2. Acoustic startle amplitudes (pulse-alones) for initial trial and the
following six blocks (mean SEM). OCD, obsessive-compulsive disorder.
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K. Hoenig et al BIOL PSYCHIATRY 2005;57:1153–1158 1157To remove the two most suspicious medication confounds, we
xcluded all OCD-patients treatedwith either TCSs or antipsychotics
n an exploratory correlational data analysis. Interestingly, in the
emaining group of 16 patients (either untreated or treated with
SRIs alone) we found a single substantial negative correlation
etween the YBOCS-total score and PPI with 16-dB(A) prepulses
rs.55, p .02). Such a negative relationship, at the prepulse
evel where group differnces were most pronounced, would fit
he assumption that poor inhibition in OCD, defined at the level
f intrusive obsessions and compulsions, might be related to
oor inhibition at the level of prepulse-related startle attenuation.
urther research should seek to establish whether PPI normalizes
ith successful treatment, as has been shown for the frontostria-
al hyperactivation as measured by PET (Baxter et al 1992), or
hether it is a stable trait, which may qualify as an endophenotye
f the disorder (Braff and Freedman 2001).
In conclusion, this study, together with previous evidence
eported by Swerdlow et al (1993, 1994), strongly suggests that
ensorimotor gating, as assessed by PPI of the acoustic startle
esponse, is impaired in patients with OCD. This impairment is
ost pronounced with intense 16-dB(A) prepulses, where PPI is
trongest. Different classes of medication used for the treatment
f OCD may have different effects on PPI. OCD patients treated
djunctively with antipsychotic medication did not differ from
ontrols with regard to PPI in our sample. While this observation
rom our study, which did not control for medication, has to be
een with caution, it would parallel findings of normal PPI after
ntipsychotic treatment in schizophrenia and it would be plau-
ible given recent clinical and neurobiological data on dopamine
ysregulation in OCD. It might thus be promising to test the
ypothesis that antipsychotics normalize PPI in a controlled
ugmentation study.
Longitudinal studies in patients with constant medication, or
n patients on SSRIs alone, may be helpful to further elucidate the
elationship of PPI with clinical symptoms. Our preliminary
vidence in patients either unmedicated or treated with SSRIs
lone indicates that poor inhibition in OCD, defined at the level
f intrusive obsessions and compulsions, may be related to poor
nhibition at the level of prepulse-related startle attenuation.
owever, since OCD is a clinically heterogeneous condition,
elationships between PPI and symptoms may not be captured
xhaustively by global scores such as the YBOCS total score.
ore fine grained clinical description, e.g. based on the YBOCS
ymptom checklist, may allow to identify symptom dimensions
f OCD, which are more closely linked to functional brain
hanges (Mataix-Cols et al 2004).
This study was supported by the German Research Founda-
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Abstract
Prepulse inhibition (PPI) and habituation of the acoustic startle response (ASR) are widely used biological markers in the study of
psychiatric disorders and have been shown to be homologous across species. Previous studies in humans suggested that PPI is a stable and
reliable measure between test sessions, but that PPI decreases within sessions. The purpose of this study was to explore the short- and long-
term decrease in PPI as a potential confound in the measurement and interpretation of PPI. We investigated the progression of PPI and
habituation of ASR in three test sessions spaced 4 weeks apart in a group of 20 healthy participants. Analysis revealed a significant decrease in
the percent PPI within and between the test sessions. Nevertheless, PPI was reliable across three test sessions, indicating that the significant
attenuation of PPI over time was a consistent phenomenon. These results suggest that PPI exhibits short- and long-term attenuation.
# 2005 Elsevier B.V. All rights reserved.
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Biological Psychology 71 (2006) 256–2631. Introduction
The startle reflex is a fast response to a sudden, intense
stimulus such as a loud sound and consists of contraction of
the skeletal and facial musculature. This reflex is usually
classified as a defensive response. The acoustic startle
response (ASR) of mammals is mediated by a simple three-
synapse neuronal circuit located in the lower brainstem.
Neurons of the caudal pontine reticular nucleus are key
elements of this primary ASR pathway (Davis et al., 1982;
Koch, 1999). The startle reflex shows several forms of
behavioral plasticity, such as prepulse inhibition (PPI) and
habituation. PPI refers to the reduction of ASR magnitude
when a distinctive non-startling stimulus is presented 30–
500 ms before the startling stimulus. PPI is used as an
operational measure for sensorimotor gating that reflects the
ability of an organism to properly inhibit sensory informa-
tion (Graham, 1975; Hoffman and Ison, 1980). Habituation
is a theoretical construct that refers to the reduction in* Corresponding author. Tel.: +49 228 287 5681; fax: +49 228 287 6949.
E-mail address: boris.quednow@ukb.uni-bonn.de (B.B. Quednow).
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doi:10.1016/j.biopsycho.2005.05.001magnitude of ASR after repeated presentation of the
startling stimulus that is not due to muscle fatigue or
blunting of sensory receptor responsiveness (Groves and
Thompson, 1970; Siddle and Kroese, 1985).
PPI and habituation of the acoustic startle response are
consistent phenomena across species and are widely used to
measure sensorimotor gating and to investigate information
processing (Braff et al., 1992; Geyer and Braff, 1987;
Swerdlow et al., 1999). Several investigations have reported
changes of habituation and/or PPI of ASR in neuropsychia-
tric disorders such as schizophrenia (Braff et al., 1992;
Geyer and Braff, 1982; Parwani et al., 2000), schizotypal
personality disorder (Cadenhead et al., 1993), obsessive-
compulsive disorder (Swerdlow et al., 1993), and Hunting-
ton’s disease (Swerdlow et al., 1995). Changes in PPI and
habituation may provide trait markers for psychiatric
disorders with altered neurotransmitter regulation (Caden-
head et al., 1999).
To enhance our knowledge of PPI deficits in patients with
various neuropsychiatric disorders and to develop transla-
tional animal model studies, investigators have increasingly
utilized psychopharmacological modulation of PPI in65
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interpretation of pharmacological effects on a biological
marker, such as in pre-post designs with a pharmacological
treatment, the marker should be stable and reliable.
Crossover designs are well established in studies with
pharmacological modulation of PPI in rodents as well as
healthy volunteers. However, clinical studies – especially
with schizophrenic patients – utilizing longitudinal designs
in combination with a control or a placebo group are missing
so far.
Graham (1975) stated that PPI may reflect a strong and
stable automatic process that serves to protect the processing
of the weak prepulse from disruption by the intense startle
stimulus. This view was supported by the findings that PPI is
present on the first presentation of a prepulse-startle stimulus
pairing, does not habituate, and occurs during sleep (Graham
and Hackley, 1991). At first, these findings seemed to
indicate that PPI might not be influenced by processes such
as learning or habituation (Lipp et al., 1994). In the
meantime, several studies have shown that the amount of PPI
decreases over repeated trials within a startle session (Lipp
et al., 1994; Blumenthal, 1996; Lipp and Krinitzky, 1998;
Lipp and Siddle, 1998). Furthermore, it could be shown that
selective attention influences the extent of PPI (Filion et al.,
1993, 1994; Schell et al., 1995). These findings do not
confirm the notion that PPI is a strong and stable automatic
process (Lipp and Krinitzky, 1998).
Blumenthal (1997) remarked that a decrease of PPI within
test sessions could be due to habituation of some aspect of the
inhibitory processes initiated by the prepulse, or to
habituation of the startle response itself. He found that the
amount of PPI decreased across trials, but that the proportion
of inhibition (percent PPI), measured as a difference between
the average magnitude of blinks preceded by a prepulse and
the average magnitude of those that were not, divided by the
average magnitude of those that were not, remained constant
across trials (Blumenthal, 1997). Previous habituation to the
prepulse did not reduce subsequent PPI when prepulse trials
were paired with startle stimuli (Blumenthal, 1997; Lipp and
Krinitzky, 1998; Schell et al., 2000). In addition, the reduction
in PPI across trials can be abolished after dishabituation of the
startle reflex (Lipp and Krinitzky, 1998). These data
supported the suggestion that the reduction of PPI seen
across trials is not due to habituation of the prepulse but is
related to startle reactivity in pulse-alone (control) trials,
which is reduced by habituation.
Some studies have been performed to investigate the
reliability and stability of PPI also between test sessions
(Schwarzkopf et al., 1993; Abel et al., 1998; Cadenhead
et al., 1999; Swerdlow et al., 2001). In contrast to previous
studies, which found a decrement of PPI within sessions,
none of these studies found significant changes in PPI
between two or three test sessions, and all studies have
shown high test-retest reliability of PPI. Only Abel et al.
(1998) reported a slight decrease of percent PPI across
sessions. Test retest reliability of PPI of somatosensoric66elicited blink reflexes seems also to be very high (Flaten,
2002). However, the number of prepulse trials measuring
PPI, as well as the sample sizes, in most of the previous
studies was possibly not sufficient to investigate the long-
term stability of PPI. The following listing of studies shows
the number of trials of the single prepulse condition within a
session which can be expected to exert the strongest effects
on PPI: Schwarzkopf et al. (1993) used 24 trials in each of
three sessions at 1-week intervals (n = 11), Abel et al. (1998)
used eight trials in each of three sessions which were
separated by a minimum of 2 h on 1 day (n = 15), and
Cadenhead et al. (1999) used 12 trials in each of three
sessions at 1-month intervals (n = 10). Swerdlow et al.
(2001) used, however, a special study design to examine pre-
testing of ASR measurement in humans to diminish
variability across experimental groups (n = 20). They used
5 trials in a pre-testing session and 7–10 days later they used
25 trials (5 trials in 5 identical sessions with 15 min between
each session).
Because of the different results between within- and
between-session stability of PPI in previous studies, the aim
of the present study was to investigate if there is a
dissociation between short- and long-term stability of PPI.
To accomplish our goal, we measured magnitude, habitua-
tion, and PPI of ASR three times during a span of 8 weeks
using a startle sequence optimized for habituation effects
consisting of 36 prepulse trials under a single condition
(86 dB prepulse; SOA 140 ms) and 36 pulse-alone trials
(116 dB) per session in 20 healthy volunteers.2. Materials and methods
2.1. Participants
PPI and habituation of ASR were measured in 20 healthy
participants (8 women, 12 men, all were of Caucasian
ethnicity), who were recruited by advertisement in a local
newspaper. Age ranged from 18 to 63 years (38.4  12.2
(mean and standard deviation)), and the years of education
ranged from 9 to 17 years (14.3  2.5). Four of the
participants were smokers (one woman, three men) and one
woman was post menopausal. All participants were
employed at time of experiment.
Exclusion criteria consisted of legitimate use of
psychotropic medication and/or illicit drug use. An SCID-
I interview was carried out according to DSM-IV procedures
by a psychologist trained in the use of this instrument. None
of the included participants had a personal or family history
of any DSM-IV axis I psychiatric diagnosis. In addition,
none of the participants had a history of migraine, epilepsy,
or craniocerebral trauma.
The study was approved by the Ethics Committee of the
Medical Faculty of the University of Bonn. After receiving a
written and oral description of the aim of this study, all
participants gave written informed-consent statements.
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Four and eight weeks after the first test session, the
measurement was repeated. The first ASR assessments were
carried out after informed consent was given by all
participants. Before each ASR assessment, all participants
underwent a brief hearing screening to insure hearing within
normal limits. Participants would have been excluded on the
basis of hearing impairment at 40 dB (1000 Hz).
Electrodes were attached while the participants were
seated in a comfortable chair. All examinations were
performed by the same experimenter. Participants were
advised that they would hear white noise and bursts over the
headphones and were instructed to keep their eyes open. The
eye-blink component of the acoustic startle response was
measured using an electromyographic startle system (EMG-
SR-LAB; San Diego Instruments, Inc., San Diego, CA).
Recorded EMG activity was band-pass filtered (1–1000 Hz).
A 50-Hz notch filter was also used to eliminate 50-Hz
interference. The amplifier gain was kept constant for all
participants, and the EMG was recorded from the onset of
the acoustic startle stimulus for 250 ms with a sampling rate
of 1 ms.
Two silver/silver chloride electrodes were positioned
below and to the outer canthus of the right eye over the
orbicularis oculi muscle, and a ground electrode was placed
on the glabella. All electrode resistances were less than
10 kV. Acoustic startle stimuli were presented binaurally
through headphones (TDH-39-P; Maico). Each session began
with a 4-min acclimation period of 70 dB background white
noise that was continued throughout the session. Participants
received 73 white noise sound pulses at an intensity of 116 dB
(instantaneous rise/fall time), and a duration of 40-ms
separated by variable inter-trial intervals between 8 and 22 s
(mean 15 s). In 36 of the trials, the pulse was preceded by a
20-ms 86-dB white noise prepulse (instantaneous rise/fall
time) with a stimulus onset asynchrony (SOA) of 140 ms. The
initial trial was a pulse-alone trial, which was separated for
further analysis. All following trials were presented in a
pseudorandomized order. The entire test session lasted about
20 min. Smoking was permitted before assessment, but none
of the four smokers took advantage of this.
Voluntary and spontaneous blinks were excluded from
further analysis using the registration parameters described
by Braff et al. (1992). The latency to startle response onset
was defined by a shift of 2.28 mV (six digital units) from the
baseline value occurring 21–120 ms after the acoustic startle
stimulus. Latency to response peak was defined as the point
of maximal amplitude that occurred within 150 ms after the
startle stimulus. Response rejections were made both in case
of onset-to-peak latencies >95 ms and baseline shifts
>34.2 mV (>90 digital units). Error trials were defined as
trials in which no startle response was recorded because of a
baseline shift (e.g. due to spontaneous or voluntary blinks).
Two women with error trials >50% were excluded from
data analysis.2.3. Statistical analysis
The mean percent PPI of startle magnitude was calculated
using the formula [% PPI = 100  (magnitude on pulse-
alone (PA) trials  magnitude on prepulse (PP) trials)/
magnitude on PA trials] (Braff et al., 1992; Blumenthal et al.,
2004). PA and PP trials were divided each in six blocks for
assessing habituation of startle reactivity, and PPI was also
calculated within each block for assessing attenuation of
PPI. The percent habituation was calculated as the reduction
in startle magnitude between the first and last block of PA
and PP trials [% HAB = 100  (first block  last block)/first
block] (Geyer and Braff, 1982). As a further measure for
habituation, the linear gradient coefficient b was calculated
across six blocks of PA and PP trials within each subject
[b = (nSxy  (Sx)(Sy))/(nSx2  (Sx)2); x = block number,
y = startle amplitude PA trial per block], according to Geyer
and Braff (1982). The linear gradient coefficient b represents
a measure for the rate of fall (negative ascending slope) of
habituation. Startle magnitude was assessed by using the
mean values of all PA trials, the first block of PA trials and
the initial PA trial. PPI, habituation measures, and startle
amplitude were analyzed by analysis of variance (ANOVA).
ANOVA with more than one degree of freedom in the
numerator were adjusted by means of the Greenhouse-
Geisser correction (Winer, 1971). The original degrees of
freedom and the adjusted p-values are reported. Interrela-
tions between startle reactivity and PPI were tested by
Pearson’s product-moment correlation. The reliability of the
different parameters over time was investigated using the
intraclass correlation coefficient (ICC) model (3,3)
(McGraw and Wong, 1996), which is equivalent to
Cronbach’s alpha coefficient of internal consistency. The
coefficient estimates the proportion of total between-subject
variability due to ‘‘error-free’’ between-subject differences.
The confirmatory statistical comparisons of all data were
carried out at a significance level set at p < .05 (two-tailed).3. Results
3.1. Prepulse inhibition
Table 1 shows the mean percent PPI at baseline, week 4,
and week 8. There was a significant decrease in mean
percent PPI and a strong trend for a decrease in percent PPI
in the first block across the test sessions (for statistics, see
Table 1). Analysis of the contrasts with an ANOVA with
repeated measures at factor session showed a significant
linear trend for the decrement of mean percent PPI across
sessions, F(1, 17) = 5.11, p < .05.
A 6  3 (block  session) ANOVA of percent PPI
revealed a significant main effect of the factor block, F(5,
85) = 2.73, p < .05, reflecting the decrement of PPI within
the test sessions, and a significant main effect of the factor
session, F(2, 34) = 4.91, p < .05, reflecting the progressive67
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Table 1
Means and S.E. of means (in parentheses) of the initial pulse-alone (PA) the first block and the mean amplitude of PA (116 dB) and prepulse (PP) (86 dB) trials
and percent prepulse inhibition (PPI) as well as habituation measures of PA and PP trials at baseline and after 4 and 8 weeks
n = 18 Baseline Week 4 Week 8 Fsession
a df/dferr
a pa
Initial pulse-alone trial (mV) 202.7 (25.1) 196.7 (25.1) 202.8 (29.3) 0.04 2/34 Ns
First block, amplitude of pulse-alone trials (mV) 167.9 (24.2) 149.8 (21.6) 116.1 (17.6) 6.40 2/34 .007
Mean amplitude of pulse-alone trials (mV) 102.5 (15.2) 108.9 (16.9) 89.2 (15.5) 2.76 2/34 .089
First block, amplitude of prepulse trials (mV) 72.0 (15.4) 70.7 (12.8) 75.1 (19.0) 0.05 2/34 Ns
Mean amplitude of prepulse trials (mV) 50.5 (9.5) 59.7 (11.6) 58.1 (14.4) 1.05 2/34 Ns
First block, percent prepulse inhibition 60.6 (4.25) 52.0 (5.69) 40.8 (9.85) 2.64 2/34 .093
Mean percent prepulse inhibition 52.7 (3.94) 44.8 (6.00) 38.3 (8.91) 3.89 2/34 .047
Percent habituation of pulse-alone trials
(between first and last block)
46.1 (6.26) 35.3 (6.35) 36.3 (5.67) 1.47 2/34 Ns
Percent habituation of prepulse trials
(between first and last block)
23.6 (10.9) 16.7 (10.9) 17.6 (8.83) 0.17 2/34 Ns
Habituation of pulse-alone trials across six blocks
(linear gradient coefficient b)
39.4 (9.00) 25.4 (5.72) 19.1 (5.54) 4.05 2/34 .049
Habituation of prepulse trials across six blocks
(linear gradient coefficient b)
14.0 (5.66) 9.97 (4.96) 8.93 (3.22) 0.38 2/34 Ns
a ANOVA with repeated measures at factor session, adjusted by means of the Greenhouse-Geisser correction. The original degrees of freedom and the
adjusted p-values are reported.decrement of PPI between the test sessions. The interaction
of factors block and session was not significant. An analysis
of the contrasts showed significant linear trends for the
decrement of PPI across blocks and sessions, Fblock(1,
17) = 4.45, p < .05; F session(1, 17) = 6.11, p < .05.
Smokers and non-smokers as well as females and males
did not significantly differ in PPI at the first test session or
across three test sessions. The short and long-term
attenuation of PPI was still significant even after exclusion
of smokers or women.
3.2. Startle reactivity and habituation
Table 1 shows several measures for startle reactivity and
habituation at baseline, week 4, and week 8. There was a
significant decrease in the mean amplitude of the first block
of PA trials reflecting long-term habituation of ASR. In
addition, the linear gradient coefficient b of PA trials
(representing the negative linear slope of within-session
habituation which was calculated across 6 blocks of each
session) significantly increased between the test sessions,
reflecting the progressive flattening of the habituation curve
and, therefore, also long-term habituation. Percent habitua-
tion of PA trials decreased also between test sessions but,
overall, this trend was not significant (for statistics, see
Table 1). The mean amplitude of PA trials showed a slight
but not significant increase between baseline and week 4,
t(17) = 0.62, p = .54. However, at week 8, the mean
amplitude of PA trials showed a weak trend for a decrease
compared to baseline, t(17) = 1.69, p = .11, and a significant
decrease compared to week 4, t(17) = 2.71, p < .05.
Analysis of the contrasts showed significant linear trends
for the decrement of mean amplitude of the first block of PA
trials and for the increase of b of PA trials across sessions,
F1,block(1, 17) = 9.56, p < .01; Fb(1, 17) = 4.63, p < .05.68The mean amplitude of the first block of PP trials, the
mean amplitude of all PP trials, the percent habituation of PP
trials, and b of PP trials did not show significant changes
between the test sessions (for statistics, see Table 1).
Fig. 1 show the habituation curves of PA and PP trials
diagrammed as the mean amplitude of the trials in six blocks
at baseline, week 4, and week 8, respectively.
A 6  3  2 (block  session  pulse) ANOVA of the
PA and PP trials revealed significant main effects of the
factors block, F(5, 85) = 20.1, p < .001, reflecting short-
term habituation, and pulse, F(1, 17) = 28.9, p < .001,
reflecting the difference in startle magnitude between PP and
PA trials. The factor session was not significant. The were
also significant interactions of the factor pulse with the
factors block and session, respectively, Fblock(5,
85) = 11.38, p < .001; Fsession(2, 34) = 4.99, p < .05, and
a significant three-way interaction of factors block, session,
and pulse, F(10, 170) = 1.95, p < .05, reflecting a sig-
nificantly different progression of PA and PP trials within
and between sessions.
A 6  3 (block  session) ANOVA of blink magnitudes
from PA trials revealed a significant main effect of the factor
block, F(5, 85) = 22.68, p < .001, reflecting short-term
habituation of ASR, and a strong trend for a main effect of
the factor session, F(2, 34) = 2.86, p = .08, reflecting long-
term habituation of ASR. The interaction of factors block
and session was also significant, F(10, 170) = 3.10, p < .01,
indicating that short-term habituation decreases between
sessions which is the equivalent of long-term habituation.
A 6  3 (block  session) ANOVA of the PP trials
revealed only a significant main effect of the factor block,
F(5, 85) = 7.27, p < .01, reflecting a decrease in the mean
startle amplitude of PP trials within the sessions. There was
no significant main effect of factor session and no significant
interaction.
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Fig. 1. Mean blink startle magnitude on 116-dB-pulse-alone (PA) and 86-dB-prepulse (PP) trials across six blocks of trials at baseline and after 4 and 8 weeks
(means and S.E. of means).3.3. Relationship of PPI and startle reactivity
Startle reactivity (first block of PA trials/mean amplitude
of PA trials) and mean percent PPI was not correlated in any
test session (baseline: r = .17/.20, week 4: r = .02/.02;
week 8: r = .22/.13), thus poor startle responders did not
significantly differ in percent PPI from good responders.
Mean percent PPI and habituation of startle reactivity (b)
was not correlated within the single test sessions (baseline:
r = .10, week 4: r = .18; week 8: r = .17). The short-term
habituation of startle reactivity and the attenuation of
percent PPI within sessions (differences scores block 1–6)
were significantly correlated only in week 8 (baseline:
r = .10, week 4: r = .22; week 8: r = .64; p < .01). The
change of startle reactivity between baseline and week 8 did
not correlate with the change of percent PPI within 8 weeks
(difference scores: baseline  week 8: r = .04). This
means that long-term habituation of startle reactivity and
attenuation of percent PPI between sessions were indepen-
dent of each other. In addition, a 2  3 (PPI versusTable 2
Intraclass correlations of startle measures between three test sessions
n = 18
Initial pulse-alone trial (mV)
First block, amplitude of pulse-alone trials (mV)
Mean amplitude of pulse-alone trials (mV)
First block, amplitude of prepulse trials (mV)
Mean amplitude of prepulse trials (mV)
First block, percent prepulse inhibition
Percent prepulse inhibition
Percent habituation of pulse-alone trials (between first and last block)
Percent habituation of prepulse trials (between first and last block)
Habituation of pulse-alone trials across six blocks (linear gradient coefficient b)
Habituation of prepulse trials across six blocks (linear gradient coefficient b)PA  session) ANOVA with startle reactivity (first block of
PA trials) and percent PPI across test sessions revealed an
significant interaction of both factors, F(2, 34) = 5.15,
p < .01, reflecting the different progression of percent PPI
and PA trials across sessions. This interaction did not occur,
if this analysis was repeated with percent PPI versus PP
trials.
3.4. Test-retest reliability of startle measures
Startle reactivity on PA and PP trials (mean amplitude
and first block) was highly reliable with ICCs from .82 to
.95. Habituation of PA trials (percent habituation and b) was
reliable with ICCs .61 and .71, respectively, whereas
habituation of PP trials was not reliable. Mean PPI was also
highly reliable (ICC = .87), indicating that the attenuation of
PPI over time was a consistent phenomenon (Table 2). In
fact 72.2% of our participants (13 of 18) have shown an
overall attenuation of PPI over time (linear gradient
coefficient b of PPI across three test sessions was < 0).ICC (3,3) F df/dferr p
.76 4.18 17/34 <.001
.91 10.60 17/34 <.0001
.95 18.64 17/34 <.0001
.82 5.56 17/34 <.0001
.94 16.95 17/34 <.0001
.49 1.96 17/34 <.05
.87 7.87 17/34 <.0001
.61 2.55 17/34 <.01
.47 1.89 17/34 .056
.71 3.44 17/34 <.001
.33 1.48 17/34 Ns
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The object of this experiment was to investigate the short-
and long-term stability of percent PPI of ASR in healthy
volunteers. Analysis revealed a strong and significant
decrease of PPI within and between three test sessions
across a period of 8 weeks, which was independent of
habituation of startle reactivity. Nevertheless, PPI was
reliable across the test sessions, indicating that the
significant attenuation of PPI over time was a consistent
phenomenon. In addition, we found short- and long-term
habituation of the general startle reactivity in PA trials;
however, short-term habituation of the startle reaction in PP
trials was found to be weaker (but still significant) whereas
long-term habituation in PP trials was absent. The significant
interaction between PA and PP trials within and between
sessions confirmed the different progression of startle
reactivity in PA and PP trials (e.g. strong long-habituation
of the startle amplitude of PA trials in the first block between
the test sessions and simultaneously no alteration of the
startle amplitude of PP trials in the first block between the
test sessions) which results in an attenuation of percent PPI
across time. Furthermore, we could not demonstrate a
significant interrelation between percent PPI and startle
reactivity or between attenuation of PPI and habituation of
startle reactivity. Thus, the habituation of startle reactivity
alone does not explain the attenuation effect of PPI; this
effect occurs only in combination with the lower habituation
of the PP trials. But why does the habituation of responses on
PP and PA trials differ? At first we speculated that the lower
reduction in startle magnitude on PP trials reflects a ‘floor
effect’, that is, either absolute (i.e. the startle magnitude
could not be lower) or relative (i.e. magnitude in the lower
range was more resistant to reduction relative to magnitude
in the higher range elicited by PA trials; Swerdlow et al.,
2000). We tested this assumption by comparing participants
who have high versus low startle magnitude on PP trials, but
there was no indication that changes in PP trials were more
evident among participants who have higher prepulse levels.
Thus, a ‘floor effect’ within PP trials seems to be unlikely as
an explanation of our results. In addition, we could exclude
that gender, smoking or age confounded our results.
The decrease of PPI within session reported here is in line
with previous studies (Lipp et al., 1994; Blumenthal, 1996;
Lipp and Krinitzky, 1998; Lipp and Siddle, 1998), but our
results suggest that percent PPI decreases also across
repeated test sessions in contrast to some previous findings
(Schwarzkopf et al., 1993; Abel et al., 1998; Cadenhead
et al., 1999). In a previous study with rats, PPI of ASR has
also been shown to attenuate within session if prepulses
close to the detection level were used (Gewirtz and Davis,
1995). Also in line with previous studies, we found a high
reliability of PPI in humans (Schwarzkopf et al., 1993; Abel
et al., 1998; Cadenhead et al., 1999; Flaten, 2002). Thus, as
shown here, percent PPI is in fact a reliable, but not a stable
measure, comparable to startle reactivity which is also70highly reliable, but not stable due to habituation. This
attenuation effect of PPI could be a confounding factor in
startle measurement if repeated measures are used.
Furthermore, we were able to replicate the findings of
short- and long-term habituation of ASR (Ornitz and
Guthrie, 1989).
Cadenhead et al. (1999) used a rather similar design to
explore reliability and stability of PPI in healthy male
subjects. They reported a high stability and reliability
of PPI across three test sessions spaced one month apart.
The two major differences to our design are that we
investigated female and male subjects, and that we used a
startle sequence with more trials of a single PP condition.
Since we found no differences in PPI and attenuation of
PPI between genders, we attribute the varying results to the
differences in the startle sequence. Due to the augmenta-
tion of trials in our study we found much less variance than
Cadenhead et al. (1999) in PPI: e.g. the standard deviations
of mean PPI for the 86 dB/140 ms SOA condition at
baseline were 16.7 compared to approximately 30 for the
comparable 86 dB/120 ms SOA condition, respectively.
Thus, the improved signal-to-noise-ratio with regard to PPI
in our study could have revealed the reported attenuation
effect of PPI.
Blumenthal (1999) suggested that the decrease of PPI
may be due to one of two mechanisms: ‘‘(1) habituation of
either the sensory input to the lead stimulus inhibition center
or the neural signal projecting from that inhibition center to
the startle center or (2) a decrease in the magnitude of the
startle response itself (p. 61)’’. Whereas some findings
supported the view that the extent to which a lead stimulus
can inhibit startle might be partially determined by the
magnitude of the startle response itself (Blumenthal, 1996;
Lipp and Krinitzky, 1998), our results rather support the
notion that PPI could habituate independent of habituation
of startle reactivity, because we did not find a consistent
relationship between PPI and startle reactivity or between
attenuation of PPI and habituation of startle reactivity.
However, when PPI ‘‘habituates’’, this is another affirmation
for the assumption that PPI is not an strong automatic
process and, therefore, not ‘‘hardwired’’ as supposed by
Graham et al. (1975). Previous studies had already shown
that selective attention influences the extent of PPI (Filion
et al., 1993, 1994; Schell et al., 1995), which is also not
compatible with the view of PPI as stable automatic process.
With respect to the categorization of perceptual processing
acts by Kahneman and Treisman (1984) into those that are
strongly automatic, partially automatic, and occasionally
automatic, Schell et al. (2000) concluded from their own
data that PPI is a partially automatic process. They have
shown that the demonstrated attentional modulation of PPI
at a lead interval of 120 ms involves controlled processes. In
contrast, at a lead interval of 60 ms, PPI seemed to be a
strongly automatic process. Therefore, the authors suggested
that PPI could be processed automatically, but could also be
altered by controlled attentional modulation (Schell et al.,
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may also be influenced by simple forms of learning like
habituation.
In our study we used only a single lead interval condition
with an SOA of 140 ms for the prepulse trials, because
maximal PPI could be expected at a SOA range of
approximately 100–150 ms (Blumenthal, 1999). In the
schizophrenia literature, prepulses with SOAs of 30 and
60 ms have consistently revealed the strongest deficits in PPI
compared to normal controls (for review see Braff et al.,
2001). Thus, it would be interesting for further research to
investigate whether or not the short- and long-term
reductions of PPI reported here are also found if shorter
SOAs are used.
The result of the present study, namely that PPI attenuates
independent of habituation of the startle reflex, is consistent
with previous studies with rodents. These did not find a
relationship between PPI and habituation of startle reactivity
even after extended presentation of startle stimuli (Cory and
Ison, 1979; Hoffman et al., 1984).
Blumenthal et al. (2004) compared several methods used
to quantify PPI of ASR. The study revealed that the
‘‘proportion of the difference from control’’ (differences
between reactivity on prepulse and control trials, divided by
that on control trials) was the method least affected by startle
reactivity and was therefore recommended as the preferred
method to use when quantifying PPI. Proportion of the
difference is equivalent to what we called percent PPI. Thus,
the findings of Blumenthal et al. (2004) support our results
that habituation of startle reactivity is not responsible for the
attenuation of percent PPI, because percent PPI is largely
independent of startle reactivity.
What are the implications of these new findings for
future studies? In clinical research an important question is
if the well-known PPI deficits of schizophrenic patients are
normalized by antipsychotic drugs (Swerdlow et al., 1994;
Swerdlow and Geyer, 1998). The results of previous
studies, which have predominately used cross-sectional
designs, were contradictory (Hamm et al., 2001; Kumari
and Sharma, 2002). Until now, only two studies have
implemented longitudinal designs to explore the effect of
antipsychotics on PPI in schizophrenics and both found
that impaired gating persists despite symptomatic
improvements associated with antipsychotic medication
(Mackeprang et al., 2002; Duncan et al., 2003). However,
the control groups of healthy volunteers in both studies
were not tested repeatedly. In a pre-post design with
schizophrenic patients, the potentiation of PPI as a result of
the antipsychotic treatment and the time-dependent
decrease of PPI would be antidromic, so that a treatment
effect could possibly be masked because of the attenuation
of PPI over time reported here. In order to control this
attenuation of PPI in future studies that involve a
pharmacological startle modification and repeated mea-
surements in humans, our data suggests the importance of
including a placebo and a healthy control group.Furthermore, the current finding indicates that care should
be taken when examining patients and healthy volunteers,
which have been previously tested for PPI. Repeated startle
testing of patients or controls could lead to a pseudo-PPI-
deficit in these participants.
In this study, we tested the stability and reliability of
percent PPI in healthy subjects within and between three test
sessions spaced 4 weeks apart. In contrast to previous
studies, we found a significant long-term attenuation of PPI,
which could have some implications for future clinical
studies. Furthermore, we confirmed previous findings on a
decrease of PPI within sessions. The present results suggest
that the inhibitory mechanism underlying PPI may habituate
and that PPI may therefore reflect only a partially automatic
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densorimotor Gating and Habituation of the Startle
esponse in Schizophrenic Patients Randomly Treated
ith Amisulpride or Olanzapine
oris B. Quednow, Michael Wagner, Jens Westheide, Katrin Beckmann, Niclaas Bliesener,
olfgang Maier, and Kai-Uwe Kühn
ackground: Schizophrenic patients exhibit impairments in prepulse inhibition (PPI) and habituation of the acoustic startle response
ASR). Recent studies suggested that PPI deficits and habituation deficits are normalized after antipsychotic treatment. Despite clear
vidence of gating and habituation mechanisms in animal models, it is still unknown which neurotransmitter systems are involved
n schizophrenic patients. Thus, we compared the effects of a combined 5-HT2A/D2 and a pure D2/D3 antagonist on PPI and
abituation of ASR in patients with schizophrenia.
ethods: The ASR was measured in 37 acute schizophrenic patients who were randomized and double-blinded as to treatment with
misulpride or olanzapine. Patients were assessed during the first week and after four and eight weeks of treatment. Twenty healthy
atched control subjects were examined likewise.
esults: Schizophrenic patients showed a significant PPI deficit and significantly decreased startle amplitude at baseline. The gating
eficit disappeared after antipsychotic treatment in both treatment groups. Amisulpride sensitized the startle amplitude, whereas startle
mplitude was not changed by olanzapine. After correcting for startle amplitude, patients did not show a habituation deficit; however,
misulpride accelerated habituation, whereas olanzapine had no effect.
onclusions: Our findings suggest that the PPI-restoring effect of antipsychotics is probably attributed to a dopamine D2 receptor
lockade.ey Words: Prepulse inhibition, habituation, acoustic startle re-
ponse, sensorimotor gating, amisulpride, olanzapine
repulse inhibition (PPI) and habituation of acoustic startle
response (ASR) have been firmly established as opera-
tional measures of sensorimotor gating (Braff et al 1978,
992; Geyer and Braff 1987). Prepulse inhibition, first described
y Graham (1975), is defined as a reduction of the startle reflex
ecause of a weak sensory prestimulation. According to the
ensorimotor gating concept, PPI is thought to regulate sensory
nput by filtering out irrelevant or distracting stimuli to prevent
ensory information overflow and to allow for selective and
fficient processing of relevant information. Habituation is a
heoretic construct referring to the reduction in magnitude of ASR
fter repeated presentation of the startling stimulus that is not a
esult of muscle fatigue or blunting of sensory receptor respon-
iveness (Groves and Thompson 1970). Reduced habituation has
lso been interpreted to reflect impaired gating of repeatedly
resented simple stimuli that might result in cognitive disruption
y sensory overload (Braff et al 1992; Geyer and Braff 1987).
Reductions in PPI have been consistently demonstrated in
chizophrenia (e.g., Braff et al 1978, 1992; Cadenhead et al 2000;
umari et al 2000; Ludewig et al 2002, 2003; Parwani et al 2000;
erry et al 2002; Weike et al 2000) and schizotypal personality
isorder (Cadenhead et al 1993, 2000). Significant habituation
eficits in schizophrenia have also been repeatedly reported
Akdag et al 2003; Bolino et al 1992; Geyer and Braff 1982;
eincke et al 2004; Parwani et al 2000), but some studies
rom the Departments of Psychiatry (BBQ, MW, JW, KB, WM, K-UK) and
Clinical Biochemistry (NB), University of Bonn, Bonn, Germany.
ddress reprint requests to Boris B. Quednow, Ph.D., Dipl.-Psych., Depart-
ment of Psychiatry, University of Bonn, Sigmund-Freud-Straße 25,
D-53105, Bonn, Germany; E-mail: boris.quednow@ukb.uni-bonn.de.eceived October 26, 2004; revised April 4, 2005; accepted July 11, 2005.
006-3223/06/$32.00
oi:10.1016/j.biopsych.2005.07.012 found only marginal decrement of habituation (Braff et al 1992;
Ludewig et al 2002, 2003; Perry et al 2002) or failed to replicate
these habituation deficits (Braff et al 1999; Cadenhead et al 2000;
Kumari et al 2000, 2002).
The PPI deficit and, therefore, the impaired sensorimotor
gating process in schizophrenia is proposed to parallel a central
abnormality in this disease that is either anatomic and/or neuro-
chemical (Geyer and Braff 1987; Swerdlow et al 1986, 2001).
Treatment with dopamine receptor agonists, serotonin-2A (5-
HT2A) receptor agonists, or N-methyl-D-aspartate (NMDA) antag-
onists, as well as developmental manipulations, causes PPI
deficits in rats, which can be abolished by pre- or post-treatment
with antipsychotics (for review see Geyer et al 2001). Because of
these findings and the fact that hallucinogenic 5-HT2A agonists
and NMDA antagonists, especially, mimic some features of
schizophrenia in humans (Vollenweider 1998), PPI has been
proposed as an animal model for detecting antipsychotic activity
(Swerdlow and Geyer 1998’ Swerdlow et al 1994). As a conse-
quence, it was also supposed that the PPI deficit of schizophrenic
patients is linked to an altered central serotonergic, glutamater-
gic, or dopaminergic neurotransmission (Geyer et al 2001; Swer-
dlow and Geyer 1998; Swerdlow et al 1994). In contrast, habit-
uation deficits in schizophrenia have been mainly linked only to
serotonergic function so far (Braff and Geyer 1988). To transpose
the findings of the PPI-restoring effects by antipsychotics in rats
with a drug-induced PPI deficit, the PPI of medicated and
unmedicated schizophrenic patients was measured; however,
the results of these studies were contradictory. Two cross-
sectional studies did not find a PPI deficit in the groups of
schizophrenic patients treated with atypical or typical substances
(Cadenhead et al 2000; Weike et al 2000). A number of cross-
sectional studies also found normal range PPI in patient groups
treated effectively with atypical antipsychotics but noted defi-
cient PPI in those on typical antipsychotics (Kumari et al 1999,
2000, 2002; Leumann et al 2002; Oranje et al 2002); moreover,
clozapine seems to be the most potent atypical drug to improve
gating deficits in schizophrenic patients (Kumari et al 1999,
BIOL PSYCHIATRY 2006;59:536–545
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B.B. Quednow et al BIOL PSYCHIATRY 2006;59:536–545 537ranje et al 2002). In contrast, a number of cross-sectional
tudies (Duncan et al 2003b; Grillon et al 1992; Parwani et al
000; Perry et al 2002) as well as the only two longitudinal studies
n this field (Duncan et al 2003a; Mackeprang et al 2002) found
hat impaired gating persists despite symptomatic improvements
ssociated with antipsychotic medication. As of yet, it has not
een shown that antipsychotic medication influences habituation
r habituation deficits in patients with schizophrenia (Duncan et
l 2003a, 2003b; Mackeprang et al 2002; Oranje et al 2002; Perry
t al 2002). With the exception of the study conducted by
ackeprang et al (2002), all of the aforementioned studies had
etween-subject designs with non-random allocation of patients
eceiving two different drugs or drug types, thus making a
efinite interpretation of the direct drug effects on PPI difficult
Hamm et al 2001; Kumari and Sharma 2002). Until now, only
wo studies have implemented a longitudinal design to explore
he effect of antipsychotics on PPI in schizophrenic patients
Duncan et al 2003a; Mackeprang et al 2002); however, the
ontrol groups of healthy volunteers in both studies were not
ested repeatedly. Previously we have shown that PPI could
ttenuate significantly across test sessions in healthy volunteers,
lthough it is, in fact, highly reliable (Quednow et al, in press).
hus, in a longitudinal design without a control group tested
cross all test sessions, this long-term attenuation effect of PPI
ould mask PPI potentiation caused by antipsychotic medication.
Despite clear evidence of gating and habituation mechanisms
n animal models (for review see Geyer et al 2001; Swerdlow et
l 2001), it is still unknown which neurotransmitter systems are
nvolved in schizophrenic patients, and as of yet, none of the
revious studies with schizophrenic patients tested a clear hy-
othesis with regard to the neurochemical mechanisms.
Oranje et al (2002) proposed that the superiority of clozapine
n restoring PPI in schizophrenic patients could be explained
ither by the lower dopamine D2 blockade, by the distinct
erotonergic component of the substance, or by a combination of
hese effects in comparison with typical antipsychotics. Similarly,
he antagonism of atypical antipsychotics to 5-HT2A receptors has
een invoked to explain the improved efficacy of atypical
ntipsychotics on clinical and cognitive symptoms as compared
ith typical antipsychotics, because most atypical antipsychotics
xhibit a greater difference between 5-HT2 and D2 affinity than
ypical antipsychotics (Ichikawa and Meltzer 1999; Meltzer 1999;
eltzer et al 1989).
To critically test the crucial role of serotonin and, especially,
f 5-HT2A antagonism in PPI improvement, an examination of
ubstances lacking this 5-HT2A mechanism, but qualifying as
typical antipsychotics because of their clinical profile, would be
ost informative. Amisulpride can be used as a tool for testing
he necessity of a serotonergic compound for PPI change be-
ause it is a pure D2/D3 receptor antagonist; however, the effect
f amisulpride on PPI in schizophrenic patients has not yet been
nvestigated.
The present study was designed to directly compare two
harmacologically distinct atypical antipsychotic drugs, olanza-
ine (as a prototypical atypical antipsychotic with a 5-HT2A
ntagonism) and amisulpride (with no affinity to serotonergic
eceptors) with regard to their effect on PPI, habituation, and
tartle reactivity in schizophrenic patients. First, we tested the
ypothesis that the gating deficit in schizophrenic patients could
e reduced by antipsychotic medication. We then tested a
econd hypothesis that a serotonergic component is a necessary
ode of action of atypical antipsychotics in improving sensori-
otor gating in schizophrenic patients. To accomplish our goal,
76we used a longitudinal design and measured magnitude, habit-
uation, and PPI of ASR three times during a span of 8 weeks in
patients with schizophrenia who were randomized and double-
blinded as to treatment with amisulpride or olanzapine. A group
of healthy, matched control subjects was examined likewise.
Methods andMaterials
Participants
Twenty healthy participants and 37 acute schizophrenic pa-
tients participated in this study. Patients admitted to the Psychi-
atric Hospital of the University of Bonn after exacerbation of
illness for inpatient treatment were considered eligible for the
study if the following criteria were met: a diagnosis of schizo-
phrenia according to DSM-IV, age: 18–65 years, Positive and
Negative Symptom Scale (PANSS)  61, and no clozapine
treatment within 3 months before inclusion. Furthermore, sub-
jects were excluded if they had any history of the following:
central nervous system trauma, epilepsy, meningoencephalitis,
instable somatic condition, substance dependency, lack of suffi-
cient contraception in premenopausal females, antipsychotic
drug resistance, and risk of suicide or aggressive behavior. Urine
toxicologies were obtained before inclusion to rule out active
substance abuse.
Healthy participants were recruited by advertisement in a
local newspaper and matched with patients in terms of age,
gender, and years of education. Exclusion criteria consisted of
legitimate use of psychotropic medication and/or illicit drug use.
A SCID-I interview was carried out according to DSM-IV proce-
dures by a trained psychologist. None of the included subjects
had a personal or family history of any DSM-IV axis I psychiatric
diagnosis. In addition, none of the participants had a history of
migraine, epilepsy, or craniocerebral trauma.
The sample of 37 patients described here is a subsample of 52
patients who were recruited for a study on neurocognition in
schizophrenic patients. Data of this study have been published
elsewhere (Wagner et al 2005). Fifteen patients were not in-
cluded in the present study because they refused ASR assessment
or had preexisting tinnitus or amblyacousia. The remaining 37
patients received a baseline ASR assessment. Nine additional
patients dropped out between baseline and the second visit at
week 4 because: they were lost to follow-up (n  2), lack of
treatment efficacy (n  2), adverse events (n  4), or withdrawn
consent (n  1). Two healthy control subjects were not included
in analysis (see subsequent text). Demographic and some clinical
data of the remaining 28 patients and 18 healthy control subjects,
which were included in the final analysis, are shown in Table 1.
Before inclusion in the present study, nine patients (six
amisulpride-group, three olanzapine-group) were treated with
typical antipsychotics and three (olanzapine-group) with atypical
antipsychotics. Sixteen patients were not treated with antipsy-
chotics for at least 4 weeks before inclusion. Only one patient
(amisulpride-group) was treated with an antidepressant, which
was stopped 2 days before inclusion. Previous oral psychotropic
medication was stopped 2 days before inclusion, and treatment
with depot antipsychotics was stopped at least two biological
half-lives before inclusion.
This study was approved by the Ethics Committee of the
Medical Faculty of the University of Bonn. After receiving a
written and oral description of the aim of this study, all partici-
pants gave written informed-consent statements before inclu-
sion.
www.sobp.org/journal
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wreatment
After a period of 2 days, in which only lorazepam up to 4 mg
aily was permitted, patients received, according to randomiza-
ion, a half-flexible dose varying from 10 to 20 mg of olanzapine
r 400 to 800 mg of amisulpride. Psychiatrists and patients were
linded to treatment group, and patients were prescribed levels
f medication. Only lorazepam, zopiclone, and biperiden were
llowed for adjunctive treatment; however, these substances
ere discontinued 24 hours before each ASR assessment.
rocedure
The ASR assessment in patients was administered three times:
he first assessment occurred within 1 week after randomization
nd the beginning of treatment with olanzapine or amisulpride;
he second assessment was carried out after 4 weeks; and the last
ssessment was conducted after 8 weeks at the end point of the
tudy. Healthy participants were examined likewise.
Before each ASR assessment, all participants underwent a
rief hearing screening to ensure hearing within normal limits.
articipants would have been excluded on the basis of hearing
mpairment at 40 dB (1000 Hz). Electrodes were attached while
he participants were seated in a comfortable chair. Subjects
ere advised that they would hear white noise and bursts over
he headphones and were instructed to keep their eyes open.
he eye-blink component of the ASR was measured with an
lectromyographic startle system (EMG-SR-LAB; San Diego In-
truments, San Diego, California); registration parameters have
een described in detail elsewhere (Braff et al 1992). Two
ilver/silver chloride electrodes were positioned below and to
he outer canthus of the right eye over the orbicularis oculi
uscle, and a ground electrode was placed on the glabella. All
lectrode resistances were  10 k. Acoustic startle stimuli were
resented binaurally through headphones (TDH-39-P; Maico,
den Prairie, Minnesota). Each session began with a 4-min
cclimation period of 70-dB background white noise that was
ontinued throughout the session. Subjects received 73 sound
ulses with a power of 116 dB and duration of 40 msec,
eparated by variable intervals (mean 15 s). In 36 of the trials, the
ulse was preceded by an 86-dB prepulse for a duration of 20
sec with an interstimulus interval of 120 msec. The initial trial
as a pulse-alone trial that was separated for further analysis. All
ollowing trials were presented in a pseudorandomized order.
he entire test session lasted about 20 min. To ensure that the PPI
able 1. Demographic and Some Clinical Characteristics of Patients With S
ealthy Matched Control Subjectsa
Amisulpride
(n 12)
Olanzapine
(n 16)
ender (females/males) 3/9 6/10
ge 39.6 (2.73) 37.4 (2.52)
ears of Education 13.3 (.65) 14.3 (.88)
moker/Nonsmoker 6/6 7/9
ge of Onset 28.6 (2.26) 29.0 (1.67)
uration of Illness (yrs) 11.0 (3.48) 8.38 (2.31)
umber of Episodes 3.42 (.45) 2.94 (.62)
ays Treated at ASR Baseline 5.00 (.46) 4.93 (.65)
umber of Weeks in Study 7.55 (.31) 7.27 (.40)
ose at End point (mg/day) 509 (49.5) 14.0 (1.11)
ASR, acoustic startle response.
ameans and standard errors in parentheses; sex and smoking in frequen
bAnalysis of variance (over all groups) or 2 test (over all groups) for freqas not influenced by smoking withdrawal (Kumari and Gray
ww.sobp.org/journal1999), smoking ad libitum was permitted before testing. Two
healthy subjects with error trials 50% were excluded from data
analysis. Patients were not excluded because of their startle data.
Error trials were defined as trials in which no startle response was
recorded because of a baseline shift.
Clinical Assessment
With the PANSS (Kay et al 1992), blind raters performed all
clinical symptom ratings at inclusion (baseline) after 4 weeks and
after 8 weeks for the treatment groups.
Statistical Analysis
We used the last observation carried forward (LOCF) method;
consequently, measurements of patients who dropped out after
week 4 were carried on with their last clinical and electromyo-
graphic scores to week 8.
The mean percent PPI of startle magnitude was calculated
with the formula: % PPI 100 (magnitude on pulse alone (PA)
trials  magnitude on prepulse (PP) trials)/magnitude on PA
trials. To assess the habituation of startle reactivity, PA trials were
summed in six blocks. As a further measure for habituation, the
linear gradient coefficient b was calculated across six blocks of
PA trials within each subject [b  (nxy  [x][y])/(nx2 
[x]2); x  block number, y  startle amplitude PA trial per
block] according to Geyer and Braff (1982). The linear gradient
coefficient b represents a measurement for the rate of fall
(negative ascending slope) of the habituation curve and is more
reliable than reduction of startle amplitude in percent between
the first and the last block (Quednow et al, in press). Startle
reactivity was assessed by using the mean amplitude of the first
block of PA trials. Startle data were analyzed by analysis of
variance (ANOVA) with repeated measurements. Frequency data
were analyzed with 2 tests. Interrelationships between startle
measurements and clinical or neuropsychological data were
tested with Pearson’s product moment correlation. The confir-
matory statistical comparisons of all data were carried out at a
significance level set at p  .05 (two-tailed).
Results
Demographic Data and Clinical Data
Healthy control subjects and patients groups receiving study
medication did not differ with regard to proportion of gender,
phrenia Randomly Assigned to Receive Amisulpride or Olanzapine and
Healthy Control Subjects
(n 18) Valueb df/dferr
b pb
7/11 2 .69 2 .71
39.6 (2.90) F .21 2/45 .81
13.9 (.57) F .44 2/45 .65
4/14 2 2.87 2 .24
— F .02 1/27 .88
— F .43 1/27 .52
— F .34 1/27 .56
— F .01 1/27 .94
— F .27 1/27 .61
— — — —
ta.
y data.chizoage, years of education, smoking status, age at illness onset, and
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B.B. Quednow et al BIOL PSYCHIATRY 2006;59:536–545 539uration of illness, number of previous episodes, treatment days
t first ASR assessment, or number of weeks in study (see Table
). Seven patients dropped out between week 4 and week 8
amisulpride: four, olanzapine: three): two were non-compliant
one and one, respectively), three were lost to follow-up (one
nd two, respectively), one was lost because of lack of treatment
fficacy (amisulpride patient), and one was lost because of
efusal of ASR assessment (amisulpride patient). The data of
hese patients at week 4 were carried forward to week 8 (LOCF
ethod).
An ANOVA of baseline PANSS total and subscores (see Table
) did not show any differences in severity of illness between the
roups; ANOVA (session by group) of PANSS ratings across three
isits revealed a significant main effect of factor session for
cores, reflecting a significant decrease of symptoms in both
roups. The interactions of both factors as well as between
ubject effects were not significant. Thus, both antipsychotics
ested were shown to have an equivalent efficacy in terms of
sychotic symptoms.
PI
At baseline, schizophrenic patients exhibited a significant PPI
eficit [F (1,45)  4.76; p  .05]. Single comparisons with t tests
or independent samples showed significant differences in base-
ine PPI values between each treatment group and the healthy
ontrol subjects, respectively [tami.vs.cont.(28)  2.03, p  .05;
ola.vs.cont.(32)  2.05, p  .05], but no difference between the
wo treatment groups (see Figure 1).
Across test sessions, ANOVA (session by group) between
atients, treatment groups, and healthy control subjects, respec-
ively, as well as all single comparisons, did not reveal any
ignificant main effect or interaction. Single comparisons with t
ests for independent samples within the second and the third
est sessions did not show any significant differences in PPI
etween patients, treatment groups, and the healthy control
ubjects, respectively (see Figure 1). Therefore, the initial PPI
eficit exhibited in schizophrenic patients disappeared during
he treatment phase in the amisulpride group as well as in the
lanzapine group.
No correlation was found between PPI and startle reactivity.
n separate ANOVA we introduced age, gender, and smoking
tatus, respectively, as covariates. None of these covariates
able 2. Positive and Negative Symptom Scale (PANSS) Scores of Patients
ver a Period of 8 Weeksa
Session
Amisulpride
(n 12)
Olanzap
(n 1
ANSS Total Baseline 96.2 (5.53) 92.6 (4.
Week 4 59.6 (4.42) 61.6 (2.
Week 8 54.0 (4.05) 56.7 (3.
ANSS Positive Baseline 23.0 (1.19) 22.6 (1.
Week 4 13.8 (1.47) 13.1 (.7
Week 8 12.2 (1.43) 11.6 (.8
ANSS Negative Baseline 22.8 (1.66) 23.3 (1.
Week 4 16.1 (1.05) 17.2 (1.
Week 8 14.8 (1.18) 15.7 (1.
ANSS General Baseline 50.3 (3.37) 46.8 (1.
Week 4 29.7 (2.19) 31.3 (1.
Week 8 27.0 (1.74) 29.4 (1.
aLast observation carried forward, means, and SE in parentheses.
bAnalysis of variance (session group, with repeated measures at factohowed a significant influence on our results (reported in
78preceding text). Patients who were treated with antipsychotics
within the last 4 weeks before inclusion (mainly with typical
antipsychotics) did not differ in PPI from the patients who were
drug-free for at least 4 weeks before inclusion.
Startle Reactivity
At baseline, schizophrenic patients exhibited a significant
reduced startle reactivity [F (1,45)  15.3, p  .001]. Single
comparisons with t tests for independent samples showed sig-
nificant differences in baseline startle amplitude between each
treatment group and the healthy control subjects, respectively,
[tami.vs.cont.(28)  2.96, p  .01; tola.vs.cont.(32)  3.20, p 
.01], but no difference between the two treatment groups (see
Figure 2).
On the basis of startle reactivity across test sessions, an
ANOVA (session by group) between the treatment groups and
healthy control subjects revealed a significant between subject
effect [F (2,43)  6.34, p  .01], suggesting an impairment of
startle reactivity in patients, and a main effect of the factor session
[F (2,86)  10.4, p  .01], reflecting long-term habituation of
startle reactivity. The interaction of the factors session and group
was also significant [F (4,86)  3.08, p  .05], indicating a
Schizophrenia Randomly Assigned to Receive Amisulpride or Olanzapine
Factors Fb df/dferr
b pb
session 64.4 2/52 .001
session group .65 2/52 .65
group .01 1/26 .92
session 73.5 2/52 .001
session group .01 2/52 .99
group .24 1/26 .63
session 29.0 2/52 .001
session group .05 2/52 .95
group .33 1/26 .57
session 61.8 2/52 .001
session group 1.33 2/52 .27
group .01 1/26 .93
ion [three-fold]).
Figure 1. Prepulse inhibition (PPI) of patients with schizophrenia whowere
randomly assigned to receive amisulpride or olanzapine and healthy
matched control subjects (last observation carried forward,means, and SEs)
at baseline and after 4 and 8 weeks. The initial PPI deficit of the schizo-
phrenic patients disappeared in both treatment groups in the following test
sessions (t tests: *amisulpride vs. control subjects: p  .05; °olanzapine vs.With
ine
6)
22)
81)
10)
27)
6)
4)
65)
04)
04)
91)
55)
61)control subjects: p .05).
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wifferent progression of startle reactivity across test sessions
etween the groups (see Figure 2). In the amisulpride group, the
tartle reactivity increased slightly, whereas startle reactivity habitu-
ted in the healthy control subjects as well as in the olanzapine
roup [interaction group by session: Fami.vs.cont.(2,56)  5.05, p 
01; Fami.vs.ola.(2,52)  3.39, p  .05]. Between the olanzapine
nd the control groups, no significant interaction occurred
F (2,64)  1.38, p  .26]. Single comparisons with t tests for
ndependent samples within the second and the third test
essions revealed only significant differences in startle reactivity
etween the olanzapine and the control groups [tweek4(32) 
2.77, p  .01; tweek8(32)  3.31, p  .001], but not between
misulpride group and the control subjects [tweek4(28)  1.88,
 .07; tweek8(28)  0.95, p  .35]. A strong trend indicating
hat amisulpride increased startle reactivity in comparison with
lanzapine at end point [tweek4(26)  0.55, p  .59; tweek8(26) 
.01, p  .06] was also detected.
Amisulpride increased startle amplitude and, thus, restored
he initial deficit in startle reactivity in schizophrenic patients.
lanzapine did not influence the lowered startle amplitude of
hese patients.
On the basis of startle reactivity analysis, age, gender, and
moking status were not significant covariates either at baseline
r across sessions.
abituation
Firstly, startle reactivity at baseline (first block PA trials) was
ignificantly correlated with habituation (linear gradient coeffi-
ient b) [r  .81, p  .001, n  46], indicating that a higher
tartle amplitude results in a steeper habituation curve. Since our
atients suffered from a general startle reactivity deficit, startle
eactivity had to be introduced as a covariate in calculation of
abituation data. At baseline, ANOVA across six blocks of PA
rials (group by block, and startle reactivity as a covariate)
etween the patients and healthy control subjects revealed a
ignificant main effect of factor block, reflecting short-term
abituation [F (5,215)  2.33, p  .05]. The interaction of the
actors block and group was not significant, indicating a similar
rogression of habituation in both groups (see Figure 3). Instead,
he interaction of block and startle reactivity was significant
igure 2. Startle reactivity (mean amplitude of the first block of 116-dB
ulse-alone trials) of patients with schizophrenia who were randomly as-
igned to receive amisulpride or olanzapine and healthy matched control
ubjects (last observation carried forward, means, and SEs) at baseline and
fter 4 and 8weeks. Patients showed a significantly decreased startle ampli-
ude, which was improved only by amisulpride (t tests: **amisulpride vs.
ontrol subjects: p .01; °°olanzapine vs. control subjects: p .01; °°°olan-
apine vs. control subjects: p .001).F (5,215)  7.71, p  .001], reflecting the correlation between
ww.sobp.org/journalhabituation and startle reactivity. A similar pattern occurs when
the linear gradient coefficient b is considered as a measure for the
rate of fall of the habituation curve (see Table 3): at baseline,
patients and control subjects did not differ in b when startle
reactivity was introduced as a covariate. Without correction for
startle reactivity, the patients would have shown a significant
habituation deficit in both calculations. But, owing to the startle
reactivity deficit, we could not demonstrate a habituation deficit
in our sample of schizophrenic patients at baseline.
Over the course of the three test sessions, the habituation
curves of PA trials of the three experimental groups significantly
differed (see Figure 3) [interaction session by block by group:
F (20,430)  2.34, p  .001]. In the amisulpride group, habitua-
tion slightly increased across test sessions, whereas in the
olanzapine and the healthy control groups, habituation de-
creased, as expected, because of long-term habituation [interac-
tion session by block by group: Fami.vs.cont.(10,280)  3.27, p 
.001; Fami.vs.ola.(10,260)  1.95, p  .05; Fola.vs.cont.(10,320) 
1.41, p  .18].
An analysis of the linear gradient coefficient b provides
comparable results (see Table 3) [interaction session by block by
group: Fami.vs.cont.(2,56)  5.90, p  .01; Fami.vs.ola.(2,52)  3.31,
p  .05; Fola.vs.cont.(2,64)  2.51, p  .09]. Thus, amisulpride
improved habituation over time parallel to startle reactivity,
whereas olanzapine did not influence habituation across test
sessions.
On the basis of the habituation analysis, age, gender, and
smoking status were not significant covariates either at baseline
or across sessions. Patients who were treated with antipsychotics
within the last 4 weeks before inclusion (mainly with typical
antipsychotics) did not differ in habituation from the patients
who were drug-free for at least 4 weeks before inclusion.
Correlation Between Startle Measurement and Clinical Data
The outcome of antipsychotic pharmacotherapy measured
with PANSS could not be predicted from startle reactivity,
habituation, or PPI at baseline data. There were strong trends for
a correlation between baseline startle reactivity as well as
habituation and the baseline score of the PANSS negative sub-
scale [rreact.  .37, p  .06; rhab.  .35, p  .07, n  28],
Figure 3. Habituation curves of 116-dB pulse-alone trials, diagrammed as
mean amplitude of trials in six blocks of patients with schizophrenia who
were randomly assigned to receive amisulpride or olanzapine and healthy
matched control subjects (last observation carried forward,means, and SEs)
at baseline andafter 4 and8weeks. After correcting for startle amplitude,we
could not demonstrate habituation deficits in our sample of schizophrenic
patients. Regardless, amisulpride accelerated habituation, whereas olanza-
pine did not affect habituation across 8 weeks. (For statistics, see Results
section.)
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B.B. Quednow et al BIOL PSYCHIATRY 2006;59:536–545 541ndicating that pronounced negative symptoms were associated
ith decreased startle reactivity and a weak habituation. This
orrelation between negative symptoms and habituation disap-
eared, however, when startle reactivity was controlled in a
artial correlation analysis [rhab  .14, p  .50, n  28]. Thus,
tartle reactivity influences habituation and might constitute a
art of negative symptoms, but habituation and negative symp-
oms were independent of each other.
A higher number of previous psychotic episodes was signif-
cantly associated with a weaker long-term habituation [r.46,
 .05, n  28]. The PANSS total and subscores at baseline
redicted the progression of some of the startle measurements
see Table 4), indicating that patients with severe symptoms
howed less long-term habituation and, especially, that more
egative symptoms were associated with less of a decrease of PPI
cross test sessions. Furthermore, patients with a strong reduc-
ion in the PANSS total and general score showed significantly
ess decrease in startle reactivity across sessions [rtotal  .44,
 .05; rgeneral  .47, p  .01, n  28]. These patients with a
trong reduction in the PANSS total and general score also
howed significantly less decrease in short-term habituation
linear gradient coefficient b) across sessions [rtotal .47, p .01;
general  .51, p  .01, n  28]. Therefore, therapeutic success
as associated with an improvement in the startle reactivity
eficit.
iscussion
The present study is the first to investigate the effects of two
typical antipsychotics with different receptor affinities on PPI,
tartle reactivity, and habituation of ASR in a randomized,
ouble-blind, and controlled longitudinal design. There are six
ajor findings of this study: First, we could confirm PPI deficits
n schizophrenic patients. Second, schizophrenic patients did not
iffer in PPI from healthy control subjects after a treatment with
ither amisulpride or olanzapine. The tested antipsychotics did
ot differ in their influence on PPI. Third, our schizophrenic
able 3. Negative Ascending Slope (Linear Gradient Coefficient b) of the H
Session
Amisulpride
(n 12)
Olanzapi
(n 16
inear Gradient Coefficient b Baseline 12.4 (5.19) 18.1 (3.
Week 4 16.3 (6.00) 16.1 (3.
Week 8 16.9 (6.13) 8.21 (1.
aLast observation carried forward), means, and SE in parentheses.
bAnalysis of variance (session group, with repeated measures at facto
Table 4. Correlations of Baseline Positive and Negative
Difference Scores (Baseline-Week 8) of Prepulse Inhibitio
Coefficient b
n 28
Diffe
Startle Reactivity
(Long-Term Habituation)
PANSS Total .56a
PANSS Positive .44b
PANSS Negative .39b
PANSS General .58a
Severity of schizophrenic illness predicted the progr
aP .01.
bP .05.
80patients exhibited a strong impairment in startle reactivity that
was not responsible for the PPI deficit. Fourth, amisulpride
increased startle magnitude and, thus, restored the initial reac-
tivity deficit, whereas olanzapine did not alter startle amplitude.
Fifth, after correcting for the lowered startle reactivity, schizo-
phrenic patients did not show a habituation deficit. Sixth,
amisulpride improved habituation parallel to startle reactivity,
but olanzapine did not change habituation. Exclusion of the
patients who dropped out between week 4 and week 8 did not
change our analysis results, despite the lower power due to the
reduced sample size. Thus, the use of the LOCF method did not
influence our results.
PPI
Our schizophrenic patients suffered from a significant PPI
deficit, in accordance with a large number of previous studies
(e.g., Braff et al 1992; Cadenhead et al 2000; Kumari et al 2000;
Parwani et al 2000; Perry et al 2002; Weike et al 2000). Both
olanzapine and amisulpride were effective in abolishing the
initial gating deficit as well as in alleviating negative and positive
symptoms. With regard to the process of PPI in both treatment
groups across test sessions, the absolute change seems very
small. Only when compared with the control group has the PPI
deficit of the patients disappeared. Previously, we could show, in
healthy volunteers with the same startle paradigm, that PPI is
reliable but also decreases between sessions (Quednow et al, in
press). This phenomenon is in line with the well known atten-
uation effect of PPI within session (Blumenthal 1996; Lipp and
Krinitzky 1998; Lipp and Siddle 1998). The significant decrease of
PPI, across sessions within our control group, seen with our
startle paradigm is probably the result of the use of considerably
more PP trials within a single condition compared with previous
studies with control subjects that did not find such an attenuation
of PPI (Abel et al 1998; Cadenhead et al 1999; Schwarzkopf et al
1993). Thus, in a pre-post design, the potentiation of PPI
regarding the antipsychotic treatment and the time-dependent
ation Curve of Pulse-Alone Trials Across Six Blocksa
Healthy Control
Subjects
(n 18) Factors Fb df/dferr
b pb
38.7 (9.01) session 5.30 2/86 .01
21.0 (4.64) session group 4.15 4/86 .01
14.3 (3.88) group 1.93 2/43 .16
ion [three-fold]).
tom Scale (PANSS) Total and Subscores With
I), Startle Reactivity, and the Linear Gradient
between Baseline and Week 8 in
PPI
Linear Gradient Coefficient b
(Short-Term Habituation)
.36 .52a
.36 .31
.40b .45b
.23 .53a
of some startle measures.abitu
ne
)
43)
01)
73)Symp
n (PP
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wecrease of PPI would be antidromic, so that a treatment effect
ould only be revealed by a comparison with a control group.
he finding of the present study strongly supports our former
ecommendation of the use of control groups across longitudinal
esigns (Quednow et al, in press).
Both of the atypical antipsychotics tested in this study were
ound to have a restoring effect on PPI, in accordance with a
umber of previous studies (Cadenhead et al 2000; Kumari et al
999, 2000, 2002; Leumann et al 2002; Oranje et al 2002; Weike
t al 2000). Although both substances have diverse receptor
rofiles, no differences in their effect on PPI were observable.
hus, neither the 5-HT2A nor the combined D2/5-HT2A blockade
f olanzapine seems to be obligatory for the PPI-restoring effect.
oth substances, however, share only a comparable high affinity
o D2/D3 receptors (Arndt and Skarsfeldt 1998; Blin 1999); as a
esult, the D2/D3 blockade is the most likely factor for the
PI-restoring effect of the tested substances. This finding also
isproves the speculation put forth by Oranje et al (2002) that the
ower D2 affinity of clozapine might explain its efficacy in
mproving PPI in schizophrenic patients. This is in line with
revious findings that the ability of antipsychotics to restore PPI
n apomorphine-treated rats was highly correlated with their D2
eceptor affinity but not correlated with their 5-HT2A affinity
Swerdlow et al 1994; Yamada et al 1999). An alternative
xplanation for the D2/D3 affinity hypothesis focuses on faster
issociation of all atypical antipsychotics from the D2 receptor
Kapur and Seeman 2001), which would be a common mecha-
ism for amisulpride and olanzapine. Data reported by Seeman
2002) showed that amisulpride dissociates as fast as clozapine
oes from D2 receptors. In summary, these results support our
revious finding that a combined serotonin type 2a/dopamine
ype 2 (5-HT2A/D2) receptor blockade is probably not the major
eterminant for cognitive improvement by atypical antipsychot-
cs in schizophrenia (Wagner et al 2005).
In some studies, correlations between some psychotic symp-
oms and PPI in schizophrenic patients have been found (Braff et
l 1999; Dawson et al 2000; Perry and Braff 1994; Perry et al 1999;
eike et al 2000). In contrast, we did not find a significant
orrelation between psychiatric rating scales and PPI at baseline,
hich is also in line with some other studies (Karper et al 1996;
umari et al 1999; 2000; Parwani et al 2000; Perry et al 2002).
evertheless, more negative symptoms at baseline were associ-
ted with an increase in PPI across test sessions. In regard to the
roposed association of impaired cognition (especially attention)
ith negative symptoms in schizophrenia (Bilder et al 2000;
reier et al 1991; Perlick et al 1992; Ross et al 1997), this result
ight indicate that patients with more severe negative symptoms
xperience a greater improvement in their attentional deficit
hen treated with atypical antipsychotics.
A limitation of our study is that olanzapine acts on multiple
ptake sites, whereas amisulpride has only affinity to D2/D3
eceptors. Thus, the effect of olanzapine on PPI, startle ampli-
ude, and habituation is probably more complex than presented
ere, and it is almost impossible to decompose the different
ffects of the several affinities. Nevertheless, because of the lack
f an atypical antipsychotic with a specific 5-HT2A/D2 receptor
lockade, this was an inevitable methodological constraint.
tartle Reactivity
We found marked and significant deficits in startle reactivity
n our schizophrenic patients. Although most previous studies
id not show significant differences in startle response magni-
ude in schizophrenic patients, several reported strong trends for
ww.sobp.org/journallowered startle reactivity in these patients (Braff et al 1999, 2001;
Leumann et al 2002). Hyporeactivity, however, is a well-known
phenomenon in schizophrenia (Öhman 1981). Psychophysiolog-
ical studies have consistently demonstrated lowered responsivity
to moderately intense stimuli in patients with schizophrenia
(Dawson et al 1992, 1994; Olbrich et al 2001; Venables 1966;
Venables and Wing 1962). Why did we find such a marked
difference in startle reactivity between schizophrenic patients
and healthy control subjects, in contrast to previous studies?
First, in most of the studies with schizophrenic patients and
healthy control subjects that reported startle response magni-
tudes, subjects with “insufficient” startle responses were ex-
cluded when the startle amplitude fell below a specific criterion
(Braff et al 1978, 1992, 1999, 2001; Dawson et al 1993; Geyer and
Braff 1982; Kumari et al 2004; Ludewig et al 2002; Mackeprang et
al 2002; Oranje et al 2002; Parwani et al 2000; Perry et al 2001,
2002; Weike et al 2000). In 13 of the 14 mentioned studies, the
ratio between included and excluded patients was reported. In
total, 76 of 433 schizophrenic patients (17.6%; range 0%–37.5%)
and 41 of 334 healthy control subjects (12.3%; range 0%–29.7%)
were excluded in this way. Overall, there is a strong trend that
consistently more schizophrenic patients were excluded [2(1)
3.01; p  .08], which would be a powerful confounding factor.
Thus, earlier detection of a significant difference in startle
amplitude was perhaps not possible because of this systematic
confounding factor. In our study, we did not exclude any patient
because of an “insufficient” startle response, because no partic-
ipant fell below the often-used criterion of Braff et al (1992) of 25
arbitrary units.
Second, there are some major differences between our and
previously used startle sequences. We used a startle sequence
that had been optimized for habituation effects and consisted of
only two trial conditions but with more trials in both conditions.
Many of the aforementioned studies used sequences with a
gradation of several interstimulus intervals, prepulse intensities,
or both. The first block in our study consisted of six single PA
trials, which is possibly more reliable (and, therefore, produces
less variant measurements, resulting in an increased statistical
power), in contrast to two or three PA trials in most of the other
studies. The argument that our result could be influenced by
habituation effects is invalidated by the fact that the significant
impairment of startle reactivity in schizophrenic patients could
also be shown for the single initial trial [F (1,45) 11.6, p .001].
In this study, the first electromyographic assessment took
place after subjects were already medicated for 0–8 days (mean
5.0 [SD 	 2.2], median 6 days). We opted for this schedule to
ensure that the acute exacerbated patients had sufficient atten-
tion and motivation to comply with the testing protocol. This
procedure might underestimate the absolute benefit of either
treatment, because some early improvements in startle measure-
ments would go undetected. Still, this shortcoming was irrelevant
to the hypotheses under investigation. Could the medication,
however, have influenced the startle reactivity at baseline? We do
not believe that this occurred, because the treatment groups did
not differ in startle reactivity at baseline; amisulpride improved
this measure over a period of 8 weeks, whereas the olanzapine
group did not show any alterations in startle response magnitude
across time.
Our schizophrenic patients, however, suffered from a pro-
nounced deficit in startle reactivity. This result is actually not
remarkable, because on the basis of the definition of negative
symptoms—at a phenomenological level—one would expect
schizophrenic patients to have impaired startle reactivity. Nega-
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B.B. Quednow et al BIOL PSYCHIATRY 2006;59:536–545 543ive symptoms in schizophrenia include increased response
atency, physical anergia, decreased spontaneous movement,
ffective nonresponsivity, and general decreased activity (An-
reasen 1997; Brown and Pluck 2000; Carpenter 1996). The
ssumption that startle reactivity might be a part of negative
ymptoms is supported by the finding that these two factors were
orrelated at baseline. In addition, clinical improvement was
ccompanied by improvement in startle reactivity. Negative
ymptoms and, therefore, lowered startle reactivity also might be
eatures of the psychosis itself (Carpenter 1996).
What is the neurobiological correlate of impaired startle
eactivity in schizophrenia? Whereas excessive mesolimbic do-
amine might be an important dimension in the circuit mediating
ositive symptoms, deficient frontal dopamine might be an
mportant dimension in cognitive and negative symptoms (Stahl
004). This extended “dopamine hypothesis” of schizophrenia
ight be an explanation for the effect of amisulpride on startle
eactivity in schizophrenic patients in our study. Because of its
pecific pharmacokinetic characteristics, amisulpride has been
hown to display a degree of limbic selectivity and a preferential
ffect on dopamine D2/D3 autoreceptors in vivo (Schoemaker et
l 1997). As a consequence, amisulpride is supposed to cause a
esolimbic dopamine block with less influence (or perhaps
nhancing effects) on frontal dopamine transmission in schizo-
hrenic patients. This mechanism might explain the therapeutic
fficacy of amisulpride in the treatment of both positive and
egative symptoms of schizophrenia (Leucht et al 2002; Schoe-
aker et al 1997) and its ability to restore startle reactivity, as
emonstrated here.
An acute treatment with amisulpride did not alter startle
eactivity in rats or in healthy volunteers (Barrett et al 2004;
epoortere et al 1997). Thus, the observed effect of the startle
eactivity-restoring properties of amisulpride cannot be ex-
lained by acute drug effects but seems to arise only in interac-
ions with the startle reactivity deficit in schizophrenic patients.
abituation
Consistent with previous studies, we did not find a significant
eficit of habituation of ASR in schizophrenic patients after
orrecting for startle reactivity (Braff et al 1992; Cadenhead et al
000; Kumari et al 2000, 2002; Perry et al 2002). Studies that
eported a significant or tendential habituation deficit generally
id not control for startle response magnitude (Akdag et al 2003;
raff et al 1992; Bolino et al 1992; Geyer and Braff 1982; Ludewig
t al 2002, 2003; Meincke et al 2004; Parwani et al 2000; Perry et
l 2002); therefore, previous findings might be influenced by a
ubtle deficit in startle reactivity.
Parallel to startle reactivity, habituation was improved only by
misulpride in our schizophrenic patients. This finding does not
upport the hypothesis that habituation deficits in schizophrenia
re associated with alterations in the serotonergic system (Braff
nd Geyer 1988) because amisulpride—in contrast to olanzap-
ne—lacks a serotonergic component.
onclusions
To the best of our knowledge, this study is the first to
nvestigate the effects of two pharmacologically distinct antipsy-
hotics on PPI, startle reactivity, and habituation of ASR in a
andomized, double-blind, and controlled longitudinal design.
ur sample of schizophrenic patients showed significant deficits
n PPI and startle reactivity but lacked a habituation deficit. Our
indings suggest that the PPI-restoring effect of antipsychotics is
ue to a dopamine D2 receptor blockade and is independent of
825-HT2A antagonistic properties, which was previously supposed.
Furthermore, only amisulpride improved startle reactivity and
habituation, which could be explained by its special pharmaco-
kinetic attributes. Given that olanzapine did not influence startle
reactivity and habituation, a serotonergic mechanism of action
for improvement of these measures also seems to be unneces-
sary.
Eli Lilly and Company contributed supplemental funding.
Experimental design, data acquisition, statistical analysis,
and interpretation of the results were done without input from
any pharmaceutical company.
We would like to thank Drs. Mark Geyer and Franz Xaver
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Background: Until now, there is a lack of useful biological markers to predict suicidal behavior in depressive patients. However, it
is consistently found that suicidality is associated with a central serotonin deficit. Animal data suggest that prepulse inhibition (PPI)
as well as habituation of the acoustic startle response (ASR), which are established as operational measures for sensorimotor gating,
decreases after serotonin depletion. Thus, we investigated PPI and habituation of ASR in suicidal patients with depressive disorders
as potential biological markers for suicidal behavior.
Methods: PPI and habituation of ASR was measured in 20 depressive patients who had at least one suicide attempt within the last
three month. Eighteen healthy matched controls were examined likewise.
Results: Suicidal depressive patients did not differ from healthy controls in PPI, startle reactivity and habituation of ASR. Subgroup
analyses showed that factors such as severity of depression, impulsiveness, gender, smoking, lethality of the last suicide attempt,
number of suicide attempts, and medication had no influence on the results.
Conclusions: These results suggest that neither PPI nor habituation of ASR could serve as useful markers for suicidality.
© 2006 Elsevier B.V. All rights reserved.Keywords: Suicide; Depression; Prepulse inhibition; Habituation; Acoustic startle response; Biological marker1. Introduction
Prepulse inhibition (PPI) and habituation of acoustic
startle response (ASR) have been established as
operational measures of sensorimotor gating (Braff et⁎ Corresponding author. Department of Psychiatry, University of
Zurich, Lenggstrasse 31, CH-8008 Zurich, Switzerland. Tel.: +41 44
384 2777; fax: +49 44 384 3396.
E-mail address: quednow@bli.unizh.ch (B.B. Quednow).
0165-0327/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jad.2006.01.022al., 1978, Geyer and Braff, 1987). PPI is defined as a
reduction of the startle reflex that occurs when a loud
startle stimulus is preceded by a weak non-startling
stimulus (Graham, 1975). Habituation is a theoretical
construct referring to the reduction in magnitude of ASR
after repeated presentation of the startling stimulus that
is not a result of muscle fatigue or blunting of sensory
receptor responsiveness (Groves and Thompson, 1970).
Nearly all psychiatric disorders have an increased risk
of suicide (Harris and Barraclough, 1997). Based on87
300 B.B. Quednow et al. / Journal of Affective Disorders 92 (2006) 299–303genetic studies several authors propose a view of suicidal
behavior as a distinct entity within psychiatric classifi-
cation (Brent et al., 1996; Leboyer et al., 2005).
Although there is a growing body of research, to date
there is a general lack of specific biological markers,
which could be useful to prevent suicide (Bertolote and
Fleischmann, 2005).
Suicidal behavior has been consistently linked to a
lower serotonergic activity (Mann, 1999) and it was
hypothesized that there is a serotonergic abnormality
contributing to the diathesis for suicidal acts (Mann,
1998). For example, lower central serotonin turnover
predicted reattempted suicide among depressed patients
(Roy et al., 1989). Depressives with suicidal thoughts
or suicidal attempts have a particularly strong negative
mood response following acute tryptophan depletion
(Booij et al., 2002). Genetic studies suggest that the
gene coding for the limiting enzyme in the synthesis of
serotonin, tryptophan hydroxylase, and the gene
encoding the serotonin transporter are involved in
predisposition to suicidal behavior (Courtet et al.,
2005).
Measures for central serotonin are usually invasive
(cerebrospinal fluid sampling, positron emission tomog-
raphy) or can only be done post mortem. Noninvasive
biological measures could foster research into suicidal
behavior and could ultimately help to assess the risk of
suicidality in individual patients. Some evidence sug-
gested that PPI and habituation would bear potential in
that regard: in rodents, a decrease of central serotonin
reduces PPI and habituation (Conner et al., 1970; Carlton
and Advokat, 1973; Fletcher et al., 2001; Prinssen et al.,
2002). In line with these animal findings, PPI decreases
after dietary tryptophan depletion also in healthy human
volunteers (Phillips et al., 2000). Therefore, we tested
whether the supposedly decreased serotonergic neuro-
transmission of suicidal individuals is accompanied with
a PPI and habituation deficit, an issue that has not yet
been studied.
2. Materials and methods
2.1. Participants
Twenty-three depressive inpatients with a history of at
least one suicide attempt and 21 healthy controls
participated in this study. Patients were considered
eligible for the study if the following criteria were met:
a diagnosis of Major Depression, Dysthymia, or
Adjustment Disorder according to DSM-IV; age: 18–
60 years; and a suicide attempt within the last 3 month.
Subjects were excluded if they had any history of organic88depression, a neurological disorder, a severe somatic
illness, substance dependency or drug abuse, and other
psychiatric disorders than those mentioned in the
inclusion criteria.
Healthy participants were matched with patients in
terms of age, gender, years of education and verbal IQ.
Exclusion criteria consisted of legitimate use of
psychotropic medication or illicit drug use, a history
of any psychiatric or neurological disorder, and a severe
somatic illness.
When included in the study, 9 depressive patients
were treated with antidepressants. Three of these
patients also received lorazepam. Three more patients
were treated with lorazepam only. Eight depressive
patients were unmedicated at inclusion. However,
lorazepam treatment was discontinued 24 h before
ASR assessment. This study was approved by the local
ethics committee. After receiving a written and oral
description of the aim of this study, all participants gave
written informed consent statements before inclusion.
2.2. Procedure
Firstly, a SCID-I interview was carried out according
to DSM-IV procedures. Subsequently, self-rating scales
and interviewer-administered scales, and the ASR
assessment were applied by a trained psychologist.
2.3. Clinical assessment
For the estimation of verbal IQ, the Mehrfachwahl–
Wortschatz–Intelligenztest (MWT-B) was used (Lehrl,
1999). To assess the severity of depression the Hamilton
Depression Scale (HAMD) with 21 items was used
(Hamilton, 1967). The Barratt Impulsiveness Scale
(BIS-11) was used to measure impulsivity as a
personality factor (Barratt, 1965). Subscales of the
BIS-11 were analyzed according to Patton et al. (1995).
Moreover, the Suicide Intention Scale (SIS) was applied
to estimate the severity of the last suicide attempt (Beck
et al., 1974). The SIS was analyzed according to
Mieczkowski et al. (1993). At least, the lethality of the
last suicide attempt was scored from 1 (no risk for lethal
outcome) to 5 (very high risk for lethal outcome) by the
treating psychiatrist.
2.4. Startle response measurement
The used PPI paradigm has been described in detail
elsewhere (Quednow et al., 2005a,b). Subjects received
73 sound pulses with a power of 116 dB. In 36 of the
trials, the pulse was preceded by an 86-dB prepulse
301B.B. Quednow et al. / Journal of Affective Disorders 92 (2006) 299–303with a lead interval of 140 ms. The eye-blink
component of the ASR was measured using an
electromyographic startle system (San Diego Instru-
ments, San Diego, CA). Three patients and three
controls revealed more than 50% error trials and were
excluded from data analysis.
2.5. Statistical analysis
The calculation of the mean percent PPI and the
habituation measures (percent habituation and linear
gradient coefficient b) have been described in detail
elsewhere (Quednow et al., 2005a,b). Startle reactivity
was assessed by the mean amplitude of the first block of
pulse-alone trials as well as the mean amplitude of all
pulse-alone trials.
Because all variables were normally distributed the
data were analyzed by t-tests with exception of
frequency data. Frequency data were analyzed using
χ2-tests. The confirmatory statistical comparisons of all
data were carried out at a significance level set at pb .05
(2-tailed).
3. Results
3.1. Demographic data and clinical data
Patients and controls did not significantly differ with
regard to demographic data. As expected, the patientTable 1
Demographic and clinical characteristics of suicidal depressive patients and
Suicidal patients (n=20)
Gender (females/males) 8/12
Age 35.7 (11.2)
Years of education 14.0 (1.6)
Verbal IQ 99.7 (9.11)
Smoker/nonsmoker 11/9
HAMD-21 b, total score 17.4 (8.8)
BIS c, total score 66.7 (13.5)
BIS c, attentional impulsiveness 18.0 (3.5)
BIS c, motor impulsiveness 22.7 (6.6)
BIS c, nonplanning impulsiveness 26.1 (5.8)
Number of suicide attempts 2.9 (1.4)
Days since the last suicide attempt 24.6 (12.9)
Lethality of the last suicide attempt 2.9 (1.1)
SIS d, total score 15.8 (6.9)
SIS d, planning 7.7 (4.3)
SIS d, lethality 8.1 (3.7)
Means and standard deviation of means in parentheses; sex and smoking in
a T-tests or χ2 test for frequency data.
b Hamilton Depression scale, 21-item version.
c Barratt–Impulsiveness Scale.
d Suicide Intention Scale.group exhibited a significant higher HAMD score. On
average, patients did show a Major Depression of
moderate severity. Additionally, patients revealed signif-
icantly elevated attentional impulsiveness (see Table 1).
3.2. Startle measurement
Patients did not differ significantly from controls in
PPI, startle reactivity, and habituation (see Table 2).
Since the groups differed in severity of depressive
symptoms and attentional impulsiveness we applied
these variables as covariates in an ANOVA of the startle
measures. However, this did not change the results.
Introduction of smoking status and gender as covariates
also did not reveal any significant group differences.
Moreover, we conducted several subgroup analyses to
explore if patients with more severe suicidality or with a
higher impulsivity did show changes. Thus, we tested
the following subgroups: low vs. high lethality of the
last suicide attempt, planned vs. impulsive suicide
attempt, low vs. high suicide intent, and few vs.
multiple suicide attempts. We could not detect any
significant changes of the startle measures between
these subgroups as well as between these subgroups
and the controls. We also compared medicated and
unmedicated patients as well as controls. Neither
treatment with antidepressants nor benzodiazepine
treatment (nor a combination of both) had a significant
influence on the results. After Bonferroni correctionmatched healthy controls
Healthy controls (n=18) Value a df a p a
8/10 χ2=0.08 1 .78
34.7 (10.5) t=0.29 36 .77
14.5 (2.0) t=−0.95 36 .35
105.6 (10.9) t=−1.82 36 .08
11/7 χ2=0.15 1 .70
2.2 (2.2) t=7.06 36 b .001
63.6 (8.2) t=0.84 36 0.41
14.9 (2.3) t=3.06 36 b .01
22.4 (4.1) t=0.12 36 .90
26.2 (3.7) t=−0.10 36 .92
– – – –
– – – –
– – – –
– – – –
– – – –
– – – –
frequency data.
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Table 2
Means and standard deviation of means (in parentheses) of the first block and the mean amplitude of pulse alone (PA) trials, the mean amplitude of
prepulse-pulse (PP) trials and mean percent prepulse inhibition (PPI) as well as habituation measures of suicidal depressive patients and matched
healthy controls
Suicidal patients (n=20) Healthy controls (n=18) Effect size d t df p
First block, amplitude of pulse-alone trials (arbitrary units) 240.9 (205.6) 298.3 (223.3) 0.27 −0.83 36 .41
Mean amplitude of pulse-alone trials (arbitrary units) 180.0 (184.7) 217.0 (179.8) 0.20 −0.63 36 .54
Mean amplitude of prepulse trials (arbitrary units) 115.1 (164.4) 132.5 (147.3) 0.11 −0.34 36 .74
Mean percent prepulse inhibition 41.3 (23.1) 46.2 (24.8) 0.21 −0.63 36 .53
Percent habituation of pulse-alone trials between
first and second block
24.8 (29.1) 24.5 (36.8) 0.01 0.02 36 .98
Percent habituation of pulse-alone trials between
first and last block
42.7 (27.4) 37.9 (33.9) 0.16 0.48 36 .64
Habituation of pulse-alone trials across 6 blocks
(linear gradient coefficient b)
−15.8 (23.9) −20.3 (26.0) 0.18 0.55 36 .58
302 B.B. Quednow et al. / Journal of Affective Disorders 92 (2006) 299–303none of the startle measures were correlated with
demographic or clinical variables.
4. Discussion
The present study is the first investigating PPI and
habituation as a potential marker of suicidality. To
accomplish our goal we studied PPI, startle reactivity,
and habituation of ASR in a sample of suicidal depressed
patients who made a suicide attempt within the last three
months as well as in healthy controls. We could not
detect any significant differences between suicidal
patients and controls with respect to these startle
measures. Moreover, patients with multiple or impulsive
suicide attempts, patients with high suicide intent, or a
high lethality of the last suicide attempt did also not show
changes in their startle measures. Therefore, the lack of
significant differences was not a question of severity of
suicidality. Previously, we have shown that antidepres-
sive medication could have an influence on PPI and
habituation in patients with major depression (Quednow
et al., 2004). However, comparisons of medicated and
unmedicated patients with healthy controls did not reveal
any group differences. Thus, also unmedicated suicidal
depressed patients did not show changes of PPI and
habituation. Due to introduction of HAMD score and
BIS-11 attentional impulsiveness score as covariates, we
could rule out that preexisting group differences in these
variables have influenced our results. Furthermore,
gender and smoking were also introduced as covariates
because of well-known effects of these factors on PPI
(Kumari and Gray, 1999; Ludewig et al., 2003). But
again this did not affect our results.
Our findings are in line with the findings of Perry et
al. (2004) and Ludewig and Ludewig (2003). There-
fore, our results support the notion that also suicidal
depressed patients do not suffer from a sensory gating90deficit and that these early attentional processes are
intact.
With regard to the present findings we conclude that
PPI and habituation of ASR do not serve as markers for
suicidality in depressed patients.
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bstract
Prepulse inhibition (PPI) of the acoustic startle reflex is a translational behavioural paradigm for the assessment of sensorimotor gating deficit
hich has been demonstrated in a number of neuropsychiatric conditions. PPI refers to the reduction of the reflexive startle response to a ‘pulse’
timulus when its presentation is shortly preceded by a weak ‘prepulse’ stimulus. We have recently examined the expression of PPI as a function
f the startle-eliciting ‘pulse’ stimulus intensity in mice and in humans. One major discrepancy that emerged was the finding that healthy human
ubjects, unlike normal mice, did not show a clear monotonic reduction of PPI magnitude (as indexed by % reduction in startle reactivity) with
ncreasingly intense pulse stimulus. This lack of correspondence between species may potentially weaken the translational power of the PPI
aradigm. Here, we re-examined this issue in 31 healthy subjects across three levels of pulse stimulus intensity (95, 105 and 115 dB). A clear
inear reduction of PPI as a function of pulse intensity was revealed when subjects failing to respond to the lowest pulse stimulus were excluded.
nclusion of such non-responders, on the other hand, resulted in a trend towards an inverted U-shape function as reported previously. The present
tudy thus clarifies an apparent divergence between mouse and man, and provides important qualification to the “First Law of Reflex Modification”
roposed by Hoffman and Ison which suggests that the absolute reduction in startle reactivity resulting from a prepulse stimulus preceding the
tartle-eliciting pulse stimulus is fixed by the prepulse intensity regardless of the pulse stimulus intensity.
2006 Elsevier B.V. All rights reserved.
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. Introduction
Prepulse inhibition (PPI) refers to the attenuation of the
eflexive startle reaction towards an intense pulse stimulus when
ts presentation is shortly preceded by a weak prepulse stimulus
17,21]. According to the “protective hypothesis” of Graham
15–17], the inhibitory effect of the prepulse upon subsequent
ulse processing reflects the protection of the on-going pro-
essing of the antecedent prepulse against interference by the
ucceeding pulse. By measuring the diminution of the startle
esponse to the pulse stimulus due to the antecedent prepulse
timulus, the expression of PPI therefore represents an interplay
∗ Corresponding author. Tel.: +41 44 3842407; fax: +41 44 3843396.
E-mail address: csomor@bli.unizh.ch (P.A. Csomor).
1 These authors contributed equally to the present study.
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oi:10.1016/j.bbr.2006.07.016f prepulse and pulse processing. This is commonly considered
s a form of sensorimotor gating, and can be readily demon-
trated across species, from mollusc [14] to higher mammals
ncluding human [7]. Deficiency in PPI is common among a
umber of psychiatric conditions that are characterized by a
eneral reduction of the ability to gate intrusive sensory, motor
r cognitive information, for example in schizophrenia [6,24]
chizotypal personality disorder [8], obsessive compulsive dis-
rder [19], Huntington’s disease [29] and Tourette’s syndrome
9]. To allow effective comparisons of PPI expression across
ifferent patient groups and to enable meaningful translational
tudies in animals, it is imperative to establish a firm parametric
haracterization of the phenomenon itself.Numerous methodological experiments have studied param-
ters such as stimulus modality [22], prepulse intensity [1,18]
nd the effect of background noise level [4,13], but the influ-
nce of the intensity of the startle-eliciting stimulus and/or
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he startle reactivity of the subjects on PPI expression has not
een systemically investigated. These are nonetheless impor-
ant parameters for clinical studies as well as for animal studies
n which the comparison of interest also entails a difference
n startle response to the pulse-alone stimulus. In such cases,
t is not straightforward to disentangle the effect on PPI from
n effect on the startle response as such [28]. This problem is
ost acute when only one pulse intensity is employed in the
xperimental design, in spite of the use of multiple prepulse
ntensities as in most PPI experiments conducted in many human
nd animal laboratories worldwide [5,12,23,25,27,31,34]. In
omparison to the well established effect of prepulse stimulus
ntensity – a more intense prepulse will generate a stronger PPI
ffect [1,18], – the current understanding of the parameter pulse
ntensity is poor and remains ill-defined despite previous efforts
2].
Results of a recent experiment in mice showed that the mag-
itude of PPI, as indexed by percent inhibition of startle reaction
%PPI), reduces monotonically as a function of increasing pulse
timulus intensity; and that a similar relationship was found
etween %PPI and individual’s startle reactivity to a given set
f pulse stimuli [32]. However, in a subsequent study con-
ucted in healthy human subjects, we failed to demonstrate
uch a monotonic reduction of %PPI as a function of increasing
ulse intensity [10]. Across the three pulse stimulus intensities
mployed, although %PPI was higher in the 105 dB-condition
han in the 115 dB-condition, the amount of inhibition obtained
n the weakest (95 dB) stimulus intensity condition was the low-
st of all. This non-monotonic, inverted U-shape, relationship
f %PPI as a function of pulse intensity is inconsistent with
he findings in rodents [32] and may potentially undermine
he translational power of the PPI paradigm in one important
espect.
Two previous studies have also addressed the issue concern-
ng varying pulse intensity in PPI [2,21]. Hoffman and Ison
21] described two experiments in rats and three in humans
n which the amount of PPI was shown to be independent of
he intensity of the startle reflex eliciting stimulus. However, it
hould be noted that they reached this conclusion based on an
nconventional (by today’s standard) index of PPI magnitude.
PI was expressed as the absolute reduction in startle reac-
ivity to the pulse stimulus between the pulse-alone condition
nd the prepulse–pulse condition. Hoffman and Ison conceptu-
lized their finding into the “First Law of Reflex Modification”,
tating that “. . . the amount of reflex inhibition that will occur
ill be determined by the temporal placement and the intensity
f the reflex-inhibiting stimulus and it will be independent of
he intensity of the signal used to elicit the reﬂex.” (our italics)
20].
Interestingly, if one applies Hoffman and Ison’s “First
aw of Reflex Modification” to the modern convention
f indexing PPI by percent startle reduction (i.e., %PPI =
1 −R(prepulse + pulse)/R(pulse-alone)] × 100%, where “R”
enotes individual mean peak amplitude of the startle reaction),
t will predict a monotonic reduction of %PPI as a function
f pulse stimulus intensity, because a given prepulse stimulus
s assumed to lead to a fixed reduction of startle magnitude
t
t
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egardless of the magnitude of startle response generated in the
ulse-alone condition. With the addition of the simple assump-
ion that the startle response amplitude (R) to a pulse stimulus
f intensity (I) follows a simple linear relationship such that
= a× I + b (where “a” and “b” are constants), %PPI as a
unction of pulse reactivity (and therefore also of pulse inten-
ity) can be expressed by the negative exponential function:
PPI = 100% × c−R, where c denotes the constant difference
etween responding to pulse-alone and prepulse–pulse stimu-
us, for a given prepulse stimulus. In short, Hoffman and Ison’s
First Law” would have predicted a monotonic reduction of PPI
s a function of pulse intensity, if they had adopted %PPI as their
ependent measure.
Blumenthal [2] also investigated the relationship of PPI and
ulse intensity using pulse stimulus of three different intensities
n healthy human subjects. This also provided a direct test for
he validity of this “First Law of Reflex Modification”. Con-
rary to the “First Law”, Blumenthal reported that for a given
repulse stimulus, the amount of inhibition obtained under low
ulse intensity condition (85 dB) was lower than under higher
ulse intensity conditions (95 or 105 dB). Blumenthal [2] there-
ore postulated that the “First Law” may only apply to conditions
n which the pulse stimulus intensity is sufficiently high. Fur-
hermore, a different study by Blumenthal et al. [3] which is not
irectly aimed at the relationship between startle-eliciting stim-
lus intensity and PPI, but nevertheless utilized two different
ulse intensities, yielded no effect of startle stimulus intensity
n PPI expression when PPI magnitude was expressed either as
proportion of control” or “proportion of difference from con-
rol”.
Here, we conducted an experiment aimed to resolve two
elated issues: (i) the presence or absence of a negative mono-
onic relationship between %PPI and pulse stimulus intensity,
nd (ii) the validity of Hoffman and Ison’s “First Law of Reflex
odification” in healthy human subjects using the original
ndexation of PPI magnitude employed by Hoffman and Ison
21]. We conducted a PPI experiment in healthy human subjects
sing a 3 × 2 factorial design consisting of three different pulse
ntensities in combination with two differing prepulse intensi-
ies.
Initial examination of the results indicated that human sub-
ects apparently failed to exhibit the negative monotonic relation-
hip between %PPI and pulse stimulus intensity as had been seen
n animals. This essentially replicated our previous findings [10],
nd the data obtained were similar to the results reported by Blu-
enthal [2]. However, as prompted by Blumenthal’s suggestion
2] concerning the limitation of the “First Law”, we examined
hether a %PPI–startle intensity monotonic relationship could
onetheless be present in selected subjects that accordingly
hould exhibit higher startle reactivity. To test this hypothesis,
e identified subjects, retrospectively, that tended to show a neg-
tive %PPI–startle intensity monotonic relationship from those
hat did not. The comparison of the startle reactivity of these
wo subsets of subjects confirmed our prediction and provided
he foundation for maintaining the translational power of the
PI paradigms between human and rodent research regarding a
ajor parameter of PPI, namely pulse stimulus intensity.
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. Methods and materials
.1. Subjects
Thirty-two male subjects participated in the present experiment. One subject
as excluded due to poor EMG signal quality; the remaining 31 subjects had
mean age of 24.1 years (S.D. 3.5). All subjects gave their informed written
onsent and were without a history of mental (according to DSM IV, axis I and
I) and neurological disorders, or substance abuse in the last 2 years. They all
ere free of medication at the time of testing, and had no family history of an
xis I disorder amongst their first-degree relatives. Hearing was evaluated in all
ubjects, using a standard computerized whispered voice test (for a review see
ef. [26]). No subjects were excluded due to hearing difficulties. The study was
pproved by the Ethics Committee of The Swiss Federal Institute of Technology
urich.
.2. Apparatus and data recording
Electromyographic (EMG) recording was performed in a sound-proof EEG-
oom. The subjects were first informed that the experiment was intended to
nvestigate simple blink-reflexes in the presence of broadband white noise to be
elivered via headphones and the stimuli themselves were not associated with
ny health risk to their hearing. They were then asked to sit comfortably in a
hair, to relax and stay awake while looking at a blank wall approximately 2 m
way.
Acoustic startle stimuli were generated by EMG-SR (San Diego Instru-
ents, San Diego, CA, USA) and presented binaurally through headphones
TDH-39-P, Maico, Minneapolis, MN, USA). The orbicularis oculi EMG was
easured using the ActiveTwo system (Biosemi, The Netherlands). All elec-
rodes were active silver/silver-chloride electrodes. Two electrodes were placed
elow the right eye over the orbicularis oculi muscle to measure eye-blink activ-
ty and the reference electrode was placed on the glabella. All electrode offsets
ere below 25V. The system recorded continuously during the whole session,
sing a sampling rate of 4096 Hz. Trigger-signals to mark stimulus-onset were
ent over the parallel port of the stimulus computer to the recording unit. Ana-
yzer (Brainvision®, Germany) was used to pre-process the recorded data. The
wo electrodes located over the orbicularis oculi muscle were referenced bipo-
arly, resulting in a single EMG channel. EMG activity was band-pass filtered
30–500 Hz), down-sampled to 1000 Hz to reduce the amount of data and recti-
ed. Segmentation was performed from 50 ms prior to the onset of the relevant
timulus (the prepulse in prepulse–pulse trials, and the pulse in pulse-alone and
repulse–pulse trials) to 450 ms after stimulus onset. The segmented data were
xported for quantitative analysis.
.3. Session deﬁnition
The test session was composed of a mixture of pulse-alone trials,
repulse–pulse trials, prepulse-alone trials and trials in which no discrete
timulus other than the constant background noise was presented (denoted
ereafter as ‘no-stimulus’ or ‘ns’ trials). A reduction of startle magnitude
n prepulse–pulse trials relative to those in pulse-alone trials constitutes PPI.
ll stimuli (background noise, pulses and prepulses) employed in the exper-
ment consisted of broadband white noise. The background noise was set at
0 dBA. There were three levels of pulse intensity: 95, 105 and 115 dBA. Two
evels of prepulse intensity were used: 78 and 86 dBA, which corresponded
o +8 and +16 dB above background noise. All pulses were 40 ms in dura-
ion, and prepulses were of 20 ms duration. Rise and fall time of the stimuli
as less than 1 ms. The SOA (stimulus onset asynchrony) between the pre-
ulse and pulse stimuli on prepulse–pulse trials was 120 ms. The session began
ith a 2-min period of acclimatization to the background noise, followed by
he presentation of 99 discrete trials according to a variable inter-trial inter-
al (ITI) with a mean of 12 s (ranged from 8–16 s). The session began with
hree consecutive pulse-alone trials (one at each of the three possible inten-
ities) which were not taken into account in the statistical analysis. Eight
locks of intermixed trials formed the remaining 96 trials. Each block com-
rised twelve trials: three pulse-alone trials, two prepulse-alone trials, six
repulse–pulse trials and one no-stimulus trial. The sequence of presentation
p
i
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ithin each block was randomised. The entire test session lasted for approxi-
ately 23 min.
.4. Response scoring
The EMG record of each and every trial was separately scored using the
indowsTM based software emgBLINK version 1.2 (CST, Switzerland). Before
coring the EMG was smoothed with a time constant of 5 ms. Baseline value was
alculated by the mean response amplitude of the first 50 ms before any stimu-
us onset. Stimulus response amplitudes were scored as peak response sample
etween stimulus onset (pulse in pulse-alone and prepulse–pulse trials, prepulse
n prepulse-alone trials) to 150 ms after stimulus onset minus the baseline value
f the respective trial. Response amplitudes on no-stimulus trials were scored
s the peak response sample between 51 and 201 ms minus baseline value of
he respective trial. Every trial was also examined for signs of spontaneous eye-
links in the scoring windows, as well as signs of a corrupted EMG signal and if
resent, they were excluded. Out of a total of 3069 trials, 104 (i.e., 3.4%) trials
ere excluded.
.5. Statistical analysis
All statistical analyses were conducted using the statistical software Statis-
ica 7 (Statsoft® Inc., OK, USA).
.5.1. Pulse- and prepulse-elicited reaction
The pulse-alone trials presented in the eight blocks of the test session, inter-
ixed with other trial-types were included in this analysis. The mean startle
eactivity to each of the three pulse stimulus intensities was calculated for each
ubject. The mean reactivity score obtained on no-stimulus trials was also cal-
ulated and included as the baseline control condition in a repeated measures
nalysis of variance (ANOVA) with four levels. The same analysis was con-
ucted separately for the prepulse-alone trials.
.5.2. Prepulse inhibition (%PPI)
The reduction in pulse-induced startle reaction on prepulse–pulse trials rel-
tive to startle reaction in the pulse-alone trials constitutes PPI. We adopted
he convention of indexing PPI by percent reduction. This was calculated
or each of the 6 (2 × 3) possible prepulse–pulse combinations by the for-
ula: [1 −R(prepulse + pulse)/R(pulse-alone)] × 100%, where “R” denotes the
ndividual mean peak amplitude of the startle reaction. PPI results were sub-
itted to repeated measures ANOVA with a priori polynomial trend analysis
pplied to the within-subject factors of pulse intensity and prepulse intensity as
ppropriate.
. Results
.1. Pulse reactivity
The mean reactivity obtained on the pulse-alone trials (with
ntensity of 95, 105 or 115 dB) and no-stimulus (i.e., back-
round noise only) trials were submitted to a one-way repeated
easure ANOVA with the within-subject factor pulse intensity
comprising four levels: ns, 95, 105 and 115 dB). As expected,
igher amplitude of reactivity was obtained with more intense
ulse intensity; the mean ± S.E.M. reactivity score of the four
ypes of trials were: ns = 3.5 ± 0.4V, 95 dB = 15.9 ± 3.2V,
05 dB = 49.9 ± 7.9V, 115 dB = 95.3 ± 12.5V. This yielded
highly significant effect of pulse stimulus intensity
F(3,90) = 50.5, p < 0.0001]. Fisher’s LSD post hoc com-
arisons indicated that the reaction to pulse stimulus of
ntensity 105 and 115 dB [both p < 0.0001], but not 95 dB
p = 0.13], was significantly above that recorded on no-stimulus
rials.
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Fig. 1. Prepulse inhibition as indexed by %PPI, expressed as a function of pulse
stimulus intensity (95, 105, 115 dB). The two lines correspond to the two pre-
pulse intensities: 78 dB ( ) and 86 dB (). The means values depicted are
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Fig. 2. Prepulse inhibition as indexed by %PPI expressed a function of pulse
stimulus intensity collapsed across the two prepulse conditions. The two lines
depict separately the two subgroups identified as “> 0” ( ) and “< 0” ().
The “< 0” subgroup composed of subjects selected for a tendency of a negative
monotonic %PPI–pulse intensity relationship, exhibit as expected a clear trend in
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halculated based on the entire sample of N = 32. At both prepulse intensities,
PPI as a function of pulse intensity does not follow a monotonic trend. There is
ven a visual tendency towards an U-shape function. Error bars refer to ±S.E.M.
.2. Prepulse reactivity
A separate one-way ANOVA was used to analyse reac-
ivity obtained on prepulse-alone trials (78 or 86 dB) and
s trials with the repeated measures factor prepulse inten-
ity. This approach failed to yield any effect of prepulse
ntensity [F(2,60) = 2.3, p = 0.1]. The mean ± S.E.M. reactiv-
ty score of the three types of trials were: ns = 3.5 ± 0.4V,
8 dB = 3.9 ± 0.6V, 86 dB = 4.5 ± 0.6V.
.3. Prepulse inhibition
The presence of a prepulse stimulus shortly before pulse stim-
lus presentation in prepulse–pulse trials led to a reduction of
he startle response to the pulse stimulus relative to that obtained
n pulse-alone trials. This constitutes the PPI effect.
PPI as indexed by percent startle reduction (%PPI) was sub-
ected to a 2 × 3 (prepulse intensity × pulse intensity) repeated
easures ANOVA. As illustrated in Fig. 1, the higher (86 dB)
repulse generated stronger PPI than the weaker (78 dB) pre-
ulse stimulus, leading to a highly significant main effect of
repulse intensity [F(1,30) = 33.8, p < 0.0001]. This prepulse
ntensity effect was clearly seen in pulse conditions of 115 and
05 dB [both p < 0.0001 as indicated by Fisher’s LSD post hoc]
ut was absent in the 95 dB pulse condition [p = 0.2]. This led
o the significant prepulse intensity × pulse intensity interaction
F(2,60) = 4.2, p < 0.02].
On the other hand, %PPI did not appear to be significantly
ffected by differing pulse intensities [F(2,60) = 2.6, p = 0.08].
lanned polynomial contrasts revealed that neither the linear
p = 0.16] nor the quadratic [p = 0.07] component of pulse inten-
ity attained statistical significance.Further inspection of individual subject’s data suggested that
number of subjects nonetheless exhibited a tendency of a
onotonic reduction of %PPI as a function of pulse stimulus
ntensity. We therefore systemically calculated the linear coef-
d
s
a
s
98his direction. Notably, the difference between the two subgroups stems mainly
t the pulse = 95 dB condition. Error bars refer to ±S.E.M.
cient beta (β) for each subject by simple linear regression and
egregated subjects whose linear coefficient (i.e., slope of the fit-
ed line) was negative (β < 0) from the rest (β > 0). This yielded
4 subjects (or 45% of the total sample size) in the “β < 0” sub-
roup. As planned, this subgroup of subjects displayed a clear
onotonic downward trend of %PPI with increasing pulse inten-
ity, while the “β > 0” subgroup did not (see Fig. 2). The two
ubgroups did not significantly differ in age (“β < 0”: mean 23.6,
.D. 3.7; “β > 0”: mean 24.5, S.D. 3.3).
The efficacy of the segregation was confirmed by a 2 × 3 (pre-
ulse intensity × pulse intensity) ANOVA of %PPI restricted to
he “β < 0” subgroup, which yielded a significant main effect of
repulse intensity [F(1,13) = 139.0, p < 0.0001] and pulse inten-
ity [F(2,26) = 11.1, p < 0.001]. Their interaction was, however,
o longer significant, suggesting that the prepulse intensity effect
as similarly observed across all pulse stimulus intensities in
he “β < 0” subgroup. As intended by the basis upon which the
ubjects had been selected, the significant main effect of pulse
timulus intensity in this restricted analysis stemmed mainly
rom its linear [F(1,13) = 33.5, p = 0.0001] but not its quadratic
rend [F < 1.0].
.4. Comparisons of startle reactivity between “β <0” and
β >0” subgroups
Next, we re-analysed the startle reactivity data to examine
hether the two subgroups of subjects could be distinguished
ased on their reactivity profile to the varying pulse stimulus
ntensity. Our hypothesis based on the rationale explained in the
ntroduction predicts that the “β < 0” subgroup would exhibit a
igher startle reactivity to all pulse-alone conditions. This pre-
iction was confirmed by a 2 × 4 (subgroup × pulse intensity)
plit-plot ANOVA of startle amplitude obtained on ns, 95, 105
nd 115 dB pulse-alone conditions (see Fig. 3), which yielded a
ignificant main effect of subgroup [F(1,29) = 34.2, p < 0.0001],
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Fig. 3. Comparison between the “< 0” (black bars) and “> 0” (grey bars)
subgroups of the mean startle reactivity obtained across pulse-alone trials at
three different intensities: 95, 105, 115 dB and the baseline (control) activity
level in no-stimulus (ns) trials. *significant difference [p < 0.05] between the
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Fig. 4. Comparison between the “> 0” ( ) and “< 0” () subgroups in the
mean reactivity obtained on prepulse-alone trials at two different intensities: 78
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iwo subgroups at a given pulse-alone condition (namely, at pulse = 105 and
15 dB). #significant elevation above that in the no-stimulus condition within a
ubgroup. Error bars refer to ±S.E.M.
ulse intensity [F(3,87) = 95.6, p < 0.0001] and their interaction
F(3,87) = 23.1, p < 0.0001].
Notably, this analysis further revealed that the “β < 0” sub-
roup showed a clear reaction to the lowest pulse-alone con-
ition (95 dB) above that seen in the baseline ns condition
p < 0.01, Fisher’s LSD post hoc comparison]. In contrast, there
as no such indication at all in the “β > 0” subgroup [p = 0.89].
his result suggested that in selecting subjects based on their
PPI profile as a function of pulse intensity, we had concomi-
antly selected subjects whose reactivity profile was also marked
y: (i) an overall elevation in startle reactivity, and (ii) a clear
bove-baseline reaction to the lowest 95 dB pulse condition. The
atter implies that the “β > 0” group was essentially not reacting
o the 95 dB pulse stimulus.
We also re-analysed the reactivity obtained on prepulse-alone
rials using a 2 × 3 (subgroup × prepulse intensity) split-plot
NOVA to evaluate if the two subgroups could be similarly
ifferentiated in their reaction to the prepulse stimuli. As illus-
rated in Fig. 4, the “β < 0” subgroup exhibited a clear reaction
o both prepulses above that recorded in ns trials [p < 0.05],
hereas the “β > 0” subgroup did not. This led to the emergence
f a significant main effect of subgroup [F(1,29) = 5.0, p < 0.05],
repulse intensity [F(2,58) = 3.3, p < 0.05] and their interaction
F(2,58) = 5.2, p < 0.01]. Polynomial contrast analysis indicated
hat the effect of prepulse intensity was solely attributed to its
inear component [F(1,29) = 13.2, p = 0.001].
.5. The segregation of subjects by reactivity to pulse
timulus
The above analyses suggested that the presence or absence of
negative monotonic %PPI–pulse intensity relationship might
epend critically on the presence of a clear reaction to the lowest
95 dB) pulse-alone condition. In the overall analysis, we already
bserved that the %PPI obtained at this pulse intensity failed
o differ across the varying prepulse intensity, suggesting that
he overall reactivity to this pulse intensity might be too low
%
s
wnd 86 dB and the baseline (control) activity level in no-stimulus (‘ns’) trials.
ote the clear intensity-dependent response in the “< 0” but not in the “> 0”
ubgroup. Error bars refer to ±S.E.M.
nd therefore insufficiently sensitive to the critical parametric
eterminants of PPI expression. Hence, a lack of response to
his pulse stimulus in some individuals might have corrupted
he negative monotonic function predicted by data derived from
nimals.
To attest this hypothesis, we performed a second segregation
f the subjects solely with respect to the subject’s mean reactiv-
ty to the 95 dB pulse stimulus. The subjects were divided into
wo subgroups on either side of the sample median response
mplitude to the 95 dB pulse (median = 6.6V). The resultant
above-median” subgroup closely matched the “β < 0” subgroup
e had identified above, differing only by one subject. Statisti-
al analysis restricted to the “above-median” subgroup therefore
ielded results virtually identical to those described for the
β < 0” subgroup above. There was a clear presence of a negative
onotonic relationship between %PPI and pulse intensity in the
above-median” subgroup, but not in the “below-median” sub-
roup. Furthermore, these results show that an a priori criterion
uch as a threshold (or cut-off) for the exclusion of non-startling
ubjects could have been applied. Indeed a meaningful cut-off
n the present data set would fall in the range of our median
6.6V), consequently resulting in virtually the same group
ormation as the median split approach. Therefore, we can con-
lude that the median split approach can be interpreted as one
hat separates between “startlers” and “non-startlers”, rather than
etween “high-startlers” and “low-startlers”.
.6. First law of reﬂex modiﬁcation
Here, we examined the validity of the Hoffman and Ison’s
irst Law of reflex modification solely in the “β < 0” subgroup,
.e., against the background of a clear monotonic reduction of
PPI of increasing pulse intensity and of a stable detectable
tartle response to all pulse stimuli intensities examined here.
The analysis revealed that stronger prepulse intensities
ere accompanied by lower startle amplitudes (Fig. 5). A
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Fig. 5. Depiction of the startle reactivity data, as a function of pulse intensity,
derived from the “< 0” group only in a manner consistent with that adopted
by Hoffman and Ison (1980): separate lines represent: pulse-alone condition
(), prepulse–pulse condition with prepulse = 78 dB ( ) and prepulse–pulse
condition with prepulse = 86 dB ( ). Hoffman and Ison’s [32] First Law of
startle modification predicts that the three lines should be parallel to each other,
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secause it postulates that the amount of PPI, as measured by a negative deviation
rom the pulse-alone condition, should be a constant across pulse intensities, for
given prepulse intensity. Error bars refer to ±S.E.M.
× 3 (prepulse intensity × pulse intensity) repeated measures
NOVA of startle amplitude yielded a significant main effect
f prepulse intensity [F(2,26) = 30.8, p < 0.0001], of pulse
ntensity [F(2,26) = 78.9, p < 0.0001] and of their interac-
ion [F(4,52) = 14.0, p < 0.0001]. The presence of the signif-
cant interaction indicated a different progression of startle
mplitude across pulse intensities between trial types. If the
wo prepulse–pulse conditions were separately compared to
he pulse-alone condition, the interaction remained signifi-
ant [78 dB: F(2,26) = 8.7, p < 0.002; 86 dB: F(2,26) = 24.2,
< 0.0001].
. Discussion
The present study has clarified some of the inconsistencies
oncerning the relationship between PPI (in particular when
xpressed in %PPI) and the intensity of the startle-eliciting pulse
timulus. %PPI essentially decreases with increasing pulse stim-
lus intensity, but this monotonic relationship can be corrupted
hen it is extended to pulse intensities proving to be insufficient
o yield a reliably detectable startle response in a significant
roportion of the subjects. Therefore, this eventual breakdown
f the monotonic relationship merely reflects the inability to
btain a startle response at the low end of the startle intensity
ange. This analysis therefore supports the conclusion that the
onotonic %PPI–pulse intensity relationship demonstrated in
nimals [32] can likewise be demonstrated in healthy human
ubjects when the necessary cautions in the selection of pulse
ange or screening of subjects’ reactivity profile are taken into
ccount.Here, we first adopted a strategy to identify retrospectively
hose subjects with a %PPI–pulse intensity profile matching
hose seen in animals. This approach revealed that subjects fail-
ng to show such a tendency were characterized by a distinct lack
o
a
u
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f reaction to the lowest 95 dB pulse stimulus (see Fig. 3). The
eduction in reactivity to low-level auditory stimulation in these
ubjects also extended to their reactivity to the prepulse stimuli
see Fig. 4). Exclusion of these subjects is justifiable because the
emonstration of PPI is obviously impossible in the absence of a
tartle reaction (under the corresponding pulse-alone condition).
hen we employed this as the criterion for subject exclusion,
e confirmed that the results matched those derived from the
egregation of subjects based on retrospective examination of
he %PPI–pulse intensity profile itself.
We have re-examined our data set from our previous study
10], which also did not yield an overall negative monotonic
elationship between %PPI using an identical range of pulse
ntensities as in the present study (results not shown). However,
hen we now exclude subjects from that earlier data set who
ailed to show a significant response to the 95 dB pulse stimulus
bove that in ns trials, we once again revealed the anticipated
onotonic decrease of %PPI with increasing pulse intensity.
reviously, we had excluded subjects who failed to respond to
he 115 dB pulse-alone stimulus. This criterion however did not
xclude several subjects with inadequate response to the 95 dB
ulse-alone stimulus. Based upon the present results, inclusion
f these subjects in the group statistics corrupted the monotonic
elationship between %PPI and pulse intensity. Hence, it seems
ssential to apply excluding criteria for potential subjects with
eficient startle at the lowest stimulus intensity whenever several
ulse intensities are employed in PPI studies.
It is interesting to note that the level of %PPI observed
etween the “β < 0” and “β > 0” subgroups were highly compa-
able between pulse intensities of 105 and 115 dB, but differed
arkedly only at the 95 dB pulse condition. This distinction
ay provide a meaningful threshold for the exclusion of “startle-
eficient” subjects from experiments in which this range of pulse
ntensities is used. Clearly inclusion of the 95 dB pulse condition
s necessary to show a distinct effect of pulse intensity change,
ecause the difference observed here (even when restricted to the
β < 0” subgroup) between the 105 and 115 dB pulse condition
as relatively weak.
With the above considerations, the pattern of results obtained
ere is, in many respects, similar to that derived from animals
32]. When the subject’s intrinsic reactivity to pulse stimulus was
aken into account, Yee et al. [32] likewise showed that the sensi-
ivity of %PPI towards changing pulse intensity was the weakest
mong those animals with the lowest overall startle reactivity to
ulse-alone stimulation (see their Fig. 2A). Secondly, the reduc-
ion of %PPI from the 110 dB pulse to the 120 dB pulse stimulus
ondition was also relatively weak, and in comparison, the low-
st pulse stimulus intensity (100 dB) markedly elevated the level
f %PPI. The apparently divergent pattern of results emerged
etween the parametric study by Yee et al. [32] conducted in
ice and our initial parallel study in healthy human subjects
10] we can now attribute to the proportion of “startle-deficient”
ubjects in our sample. Such subjects would be included in the
verall analysis presented by Yee et al. with 102 subjects that
re highly homogeneous as they were inbred male mice.
Our present results reveal not only a link between individ-
als’ propensity to startle at low-level pulse stimulus and the
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resence of a specific %PPI–pulse intensity relationship, but
lso indicate a further link with the detectability of prepulse-
licited reaction (see Fig. 4). This finding may contribute to the
ebate over the feasibility to detect prepulse-elicited response
n PPI experiments [10,11,30,33]. When we focused on the sub-
ects who exhibited above-median response to the 95 dB pulse,
mong whom a clear negative monotonic %PPI–pulse inten-
ity relationship emerged, we also detected a clear monotonic
ncrease in responsiveness to increasing prepulse intensity. The
nclusion of multiple pulse intensities and the screening of star-
le propensity may thus help to resolve some of the discrepancy
etween results of the study by Dahmen and Corr [11] showing
otable prepulse-elicited reaction that led them to qualify them
s startle response and the study by Swerdlow et al. [30] claiming
hat prepulse-elicited reaction is not detectable in humans.
As mentioned in Section 1, the prediction of a negative
onotonic reduction of %PPI with increasing pulse intensity is
nticipated by Hoffman and Ison’s “First Law of Reflex Modifi-
ation”. However, the precise shape of the relationship obtained
ere suggested that %PPI falls in a linear fashion with increas-
ng pulse intensity measured in decibels. Instead, the function
erived from the “First Law” predicts a curvilinear relationship
n the shape of a negatively exponential curve. Although the pre-
icted function is also negatively monotonic, the failure of the
First Law” to capture the precise shape of the function stems
rom a fundamental violation of the “First Law” itself as we have
emonstrated in our final analysis (see Fig. 5).
To allow a more direct comparison with Hoffman and Ison’s
uantification of PPI, we have also presented our data set in a
imilar manner in Fig. 5. In this figure, PPI is represented by
he deviation (reduction) from the reference line showing the
eactivity to the pulse stimulus when not preceded by a pre-
ulse. For a given prepulse intensity, the difference in startle
mplitude between pulse-alone and prepulse–pulse conditions
ncreases as a function of pulse stimulus intensity. A very similar
icture has been reported in mice [32]. This is in conflict with
he “First Law” which predicts that the three lines depicted in
ig. 5 should be parallel to each other (see Fig. 2 of Hoffman
nd Ison [21]). It should be stressed that, if instead of %PPI,
he absolute difference in startle amplitude between pulse-alone
nd prepulse–pulse condition were used as an index of PPI mag-
itude, this depiction of the data would suggest increasing PPI
agnitude as a function of pulse intensity—a conclusion oppo-
ite in direction to the finding when %PPI was used as the index
f PPI magnitude. The nature and implications of these opposing
nterpretations arising from the two methods of PPI magnitude
ndexations has been discussed in more detail by Yee et al. [32].
Blumenthal [2] had also conducted a study similar in design
o the present study to test the “First Law” in healthy human
ubjects using three pulse intensities (85, 95 and 105 dB) in com-
ination with two prepulse intensities (60 and 70 dB), and the
ame SOA as employed here (120 ms). In contrast to our study,
e did not apply a constant background noise and employed a
ower bandwidth (90–250 Hz) for EMG-recording. Blumenthal
2] essentially reported data similar to ours at the 70 dB prepulse
ondition, but had a rather ambiguous outcome with a prepulse
ntensity of 60 dB (see his Fig. 1). Blumenthal attempted to
d
p
p
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xpress PPI using a less common measure of difference in startle
robability between pulse-alone and prepulse–pulse conditions
o generate more consistent results across the two prepulse con-
itions. However, this indexation of PPI can neither be readily
ompared to our data, nor to the earlier works by Hoffman and
son [21]. Blumenthal’s final conclusion is that the “First Law”
s valid at relatively high pulse stimulus intensities. We could
ppreciate how this view may be offered as a compromise.
f we were to ignore the lowest pulse condition (95 dB) from
ig. 5, the data would appear to fit the “First Law” reasonably
ell. Indeed without the 95 dB pulse condition, the interaction
etween prepulse and pulse intensity depicted in Fig. 5 would
ot have attained statistical significance, and thereby would no
onger be in disagreement with the “First Law”. A possible
oor effect in the 95 dB prepulse–pulse conditions may have
iased our data. Hence, we suggest that its applicability of the
First Law” may arguably be limited to the higher pulse inten-
ities, and a similar view has been proposed by Blumenthal [2]
efore. However, when we consider our complete data set, the
act that our lowest pulse of 95 dB would fall within the “rel-
tively high” range in Blumenthal’s definition, and equivalent
ata obtained in other species (e.g., Ref. [32]), we suggest that it
s reasonable to conclude that Hoffman and Ison’s “First Law”
s essentially inadequate to accurately describe the data relating
o the β < 0 subgroup here. This is in spite of the possibility that
he “First Law” may appear to offer an acceptable approxima-
ion of the phenomenon within certain unspecific pulse intensity
ange.
In conclusion, the present study has identified the factor pulse
timulus intensity as a critical parameter in the determination of
PI expression (regardless of whether PPI is indexed by the rel-
tive proportion score of %PPI or the absolute difference score
f differential reactivity). The data argue against the validity of
he “First Law of Reflex Modification” postulated by Hoffman
nd Ison [32]. The present study also offers a solution to the
pparent discrepancy between human and animal PPI experi-
ental data with respect to the precise direction and shape of
he effect of pulse stimulus intensity on PPI expression. In doing
o, we have added an important qualification for maintaining the
ranslational consistency of PPI between human and laboratory
odents. This result adds to what is already known about species
ifference in PPI expression and the importance of parametric
ariation (e.g., Swedlow et al., 2002). In this context, it is notable
hat in a similar study in rodents [32], the exclusion of those mice
ailing to react to the lowest pulse intensity was not necessary
o identify the monotonic dependency between pulse stimulus
ntensity and PPI. This qualification also limits the translational
ower of the PPI paradigm.
Importantly, the present findings reinforce our earlier sug-
estion [10,32] to incorporate pulse stimulus intensity as a
eaningful parametric variable in addition to prepulse inten-
ity and prepulse–pulse lead intervals that are more commonly
ncluded in both human and animal PPI research. Inclusion of
ifferent pulse stimulus intensities would allow a more com-
rehensive characterization of the interplay between pulse and
repulse stimuli and would enhance our ability to interpret PPI
ata, especially when startle reactivity as such is significantly
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Perspective
The Effects of the Preferential 5-HT2A Agonist Psilocybin on
Prepulse Inhibition of Startle in Healthy Human Volunteers
Depend on Interstimulus Interval
Franz X Vollenweider*,1, Philipp A Csomor1, Bernhard Knappe1, Mark A Geyer2 and Boris B Quednow1
1University Hospital of Psychiatry, Neuropsychopharmacology and Brain Imaging & Heffter Research Center, Lenggstrasse, Zu¨rich, Switzerland;
2Department of Psychiatry, University of California at San Diego, La Jolla, CA, USA
Schizophrenia patients exhibit impairments in prepulse inhibition (PPI) of the startle response. Hallucinogenic 5-HT2A receptor agonists
are used for animal models of schizophrenia because they mimic some symptoms of schizophrenia in humans and induce PPI deficits in
animals. Nevertheless, one report indicates that the 5-HT2A receptor agonist psilocybin increases PPI in healthy humans. Hence, we
investigated these inconsistent results by assessing the dose-dependent effects of psilocybin on PPI in healthy humans. Sixteen subjects
each received placebo or 115, 215, and 315 mg/kg of psilocybin at 4-week intervals in a randomized and counterbalanced order. PPI at
30-, 60-, 120-, 240-, and 2000-ms interstimulus intervals (ISIs) was measured 90 and 165 min after drug intake, coinciding with the peak
and post-peak effects of psilocybin. The effects of psilocybin on psychopathological core dimensions and sustained attention were
assessed by the Altered States of Consciousness Rating Scale (5D-ASC) and the Frankfurt Attention Inventory (FAIR). Psilocybin dose-
dependently reduced PPI at short (30 ms), had no effect at medium (60 ms), and increased PPI at long (120–2000 ms) ISIs, without
affecting startle reactivity or habituation. Psilocybin dose-dependently impaired sustained attention and increased all 5D-ASC scores with
exception of Auditory Alterations. Moreover, psilocybin-induced impairments in sustained attention performance were positively
correlated with reduced PPI at the 30 ms ISI and not with the concomitant increases in PPI observed at long ISIs. These results confirm
the psilocybin-induced increase in PPI at long ISIs and reveal that psilocybin also produces a decrease in PPI at short ISIs that is correlated
with impaired attention and consistent with deficient PPI in schizophrenia.
Neuropsychopharmacology (2007) 32, 1876–1887; doi:10.1038/sj.npp.1301324; published online 14 February 2007
Keywords: PPI; startle; psilocybin; serotonin; 5-HT2A; 5-HT1A
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INTRODUCTION
Prepulse inhibition (PPI) of the acoustic startle response
(ASR) has been established as an operational measure of
sensorimotor gating (Braff et al, 1978, 1992). PPI is defined
as a reduction of the startle reflex that occurs when a loud
startle stimulus is preceded by a weak non-startling
stimulus (Graham, 1975). According to the sensorimotor
gating concept, PPI is considered as an example of
mechanisms that limit sensory information overflow,
facilitate selective attention, and enable efficient processing
of relevant information. Reductions in PPI have been
demonstrated with some consistency in schizophrenia (eg,
Braff et al, 1978, 1992; Ludewig et al, 2003a, b; Kumari et al,
2000; Parwani et al, 2000; Quednow et al, 2006), schizotypal
personality disorder (Cadenhead et al, 1993, 2000), and
psychotic bipolar mania (Perry et al, 2001). These results
contributed to the view that schizophrenia patients suffer
from a sensory inundation caused by a general inability to
filter out relevant from irrelevant external stimuli auto-
matically (Geyer and Braff, 1987).
The impaired sensorimotor gating process in schizophre-
nia is proposed to parallel a neurobiological abnormality in
this disease (Geyer and Braff, 1987; Swerdlow et al, 2000;
Swerdlow et al, 2001). To enhance our knowledge of the
pathophysiology responsible for the PPI deficits in schizo-
phrenia (and, therefore, of the disease itself) as well as to
develop translational animal model studies, investigators
have increasingly utilized psychopharmacological modula-
tion of PPI in normal humans and animals (Braff et al, 2001;
Geyer et al, 2001). Treatment with dopamine (DA) receptor
agonists, serotonin-2A (5-HT2A) receptor agonists, or
glutamatergic N-methyl-D-aspartate (NMDA) antagonists,
as well as developmental manipulations such as isolation
rearing or neonatal lesions, causes PPI deficits in rats that
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can be abolished by pre- or post-treatment with anti-
psychotics (for review see Geyer et al (2001)). As a result of
these findings and the fact that especially hallucinogenic 5-
HT2A agonists and NMDA antagonists mimic some features
of schizophrenia in humans (Vollenweider, 1998, 2001;
Vollenweider and Geyer, 2001), PPI has been proposed as
an animal model for detecting antipsychotic activity
(Swerdlow et al, 1994; Swerdlow and Geyer, 1998). As a
consequence, it was also supposed that the PPI deficit of
schizophrenia patients is linked to alterations in central
serotonergic, glutamatergic, and/or dopaminergic neuro-
transmission (Geyer et al, 1990, 2001; Swerdlow and
Geyer, 1998).
In rodents, it was shown that the 5-HT2A receptor plays a
critical role in the modulation of PPI. The hallucinogenic
5-HT2A/2C receptor agonist DOI consistently disrupts PPI in
rats and this effect could be blocked by the selective 5-HT2A
receptor antagonist MDL 100 907 (Padich et al, 1996; Sipes
and Geyer, 1995) but not by the selective 5-HT2C receptor
antagonist SDZ SER 082 (Sipes and Geyer, 1995). Moreover,
Sipes and Geyer (1997) infused DOI directly into 5-HT2A
receptor-rich regions such as the nucleus accumbens and
the ventral pallidum of rats. They found that only infusion
into the ventral pallidum decreased PPI, providing strong
evidence for the importance of this region in serotonergic
influences on sensorimotor gating. In contrast to these
animal findings, Gouzoulis-Mayfrank et al (1998b) reported
increased PPI in healthy human volunteers after adminis-
tration of the hallucinogenic 5-HT2A/1A agonist psilocybin.
This result raised questions regarding the comparability of
drug effects on PPI across species as well as the putative
relevance of psilocybin-induced model psychoses to schizo-
phrenia. However, Gouzoulis-Mayfrank et al (1998b) used
psilocybin rather than DOI, a small sample size, and a cross-
sectional placebo-controlled design (n¼ 6 in each group).
Furthermore, in their startle sequence only an interstimulus
interval (ISI) of 100 ms was applied for the prepulse-pulse
(PP) trials. Previously, it has been shown that PPI induced
by PP combinations with ISIs of comparable duration,
could be modulated by attention (Schell et al, 2000). Thus,
attentional processes may have influenced the results of
Gouzoulis-Mayfrank et al (1998b).
The aim of the present study was to further investigate the
contradictory results on the effect of serotonergic halluci-
nogens on PPI between animals and humans. Accordingly,
we measured PPI of ASR in 16 healthy volunteers each
under placebo as well as under three different doses of the
5-HT2A/1A agonist psilocybin. We applied a startle paradigm
that consists of PP combinations ranging from short (30,
60 ms), presumably ‘pre-attentive’ to long ‘attentive’ ISIs
(120, 240, and 2000 ms). Owing to the previous consistent
effects of hallucinogens in animals, we expected a dose-
dependent decrease of PPI in our human volunteers.
MATERIALS AND METHODS
This study was approved by the Ethics Committee of the
University Hospital of Psychiatry, Zurich, and the use of
psilocybin was authorized by the Swiss Federal Office for
Public Health, Department of Pharmacology and Narcotics,
Berne.
Subjects
Twenty healthy subjects were recruited through advertise-
ment from local universities. All subjects were screened
initially for startle reactions. Sixteen (nine female subjects
and seven male subjects; mean age 26.4 years; range 21–32
years) of these 20 subjects showed robust startle and were
included in the study, while four subjects failed to show
measurable responses on 450% of the pulse-alone (PA)
trials and were excluded from participating in the study.
Subjects were healthy according to medical history, clinical
examination, electrocardiography, and blood analysis.
Subjects were screened by the DIA-X diagnostic expert
system (Wittchen and Pfister, 1997), a semi-structured
psychiatric interview to exclude those with personal or
family (first-degree relatives) histories of major psychiatric
disorders, and standard psychometric instruments includ-
ing the Freiburg Personality Inventory FPI (Fahrenberg
et al, 1984), the State Trait Anxiety Inventory STAI
(Spielberger et al, 1970), and the Hopkins Symptom
Checklist SCL-90 (Derogatis et al, 1976). As the personality
trait factors ‘rigidity’ and ‘emotional lability’ predict
negative experiences under hallucinogens (Dittrich, 1994),
scores two SD above the mean value of normative data
in the respective subscales of the FPI (ie, openness and
neuroticism) were used as exclusion criteria. No subjects
were excluded using these criteria.
Some subjects had minimal prior drug experiences (once or
twice, all more than 6 months prior to the study); all other
subjects were drug-naı¨ve. Specifically, six of the 16 subjects
had tried cannabis, two MDMA, three a hallucinogen, and
four were light smokers (o6 cigarettes/day). All volunteers
gave their written consent after being informed by a written
and oral description of the study, the procedures involved,
and the effects and possible risks of psilocybin administration.
Psilocybin
Psilocybin (4-phosphoryloxy-N,N-dimethyltryptamine) was
obtained through the Swiss Federal Office of Public Health,
Department of Pharmacology and Narcotics, Berne and
prepared as capsules of 1 and 5 mg at the Pharmacy of the
Cantonal Hospital of Aarau, Switzerland. Psilocybin and
lactose placebo were administered in gelatin capsules of
identical appearance.
Study Design
The study was double-blind, placebo-controlled and in-
cluded four experimental days. All subjects received placebo
and three graded doses of psilocybin: 115, 215, and 315 mg/
kg body weight in a randomized and counterbalanced order
separated by 4 week intervals. As a result of variations of
PPI with menstrual cycle, women were tested in the first
5 days of their follicular phase where PPI has been shown
to be most robust (Swerdlow et al, 1996). The doses of
psilocybin were selected to be sufficient to assure differ-
ential psychological effects across doses (Hasler et al, 2004).
Sessions were conducted in a calm and comfortable
laboratory environment. Participants were told to abstain
from alcohol the day prior to each session and not to drink
Effects of the preferential 5-HT2A agonist psilocybin
FX Vollenweider et al
1877
Neuropsychopharmacology
106
caffeine-containing beverages or to eat 2 h prior to each
session. The four light smokers were told to maintain
their usual smoking habits, but did not smoke during
sessions. One hour after arriving in the research laboratory,
subjects received placebo or psilocybin in capsules (0900 h).
Startle measures were obtained 90 and 165 min after capsule
intake, to coincide with the peak and post-peak effects
of psilocybin. The FAIR task assessing attentional perfor-
mance were conducted at 0, 105, 180, and 360 min after
treatment while the 5D-ASC rating was conducted at about
125 and 200 min after treatment. After the acute effects of
psilocybin had subsided completely, subjects remained in
the hospital for another 2 h and were monitored clinically.
Startle Response Measurement
The eye-blink component of the acoustic startle response
was measured using an EMG startle system (EMG-SR-LAB,
San Diego Instruments Inc., San Diego, CA). Two silver/
silver-chloride electrodes were placed below the right eye
over the orbicularis oculi muscle and a ground electrode
was placed behind the right ear over the mastoid. All
electrode resistances were less than 5 kO. A square wave
calibrator established sensitivity to be 2.6 mV/digital unit.
The system recorded 250 samples at 1 kHz sampling rate
starting with the onset of the startle stimulus. EMG data
were band-pass filtered 100–500 Hz by the acquisition
hardware. Acoustic startle stimuli were presented through
headphones (TDH-39-P, Maico, Minneapolis, MN). Subjects
were seated comfortably in an armchair, instructed to relax,
and told that they would hear a white noise for 2 min before
the test noises began for about 18 min. They were asked to
stay awake while staring at a fixed point. Each session began
with a 2-min acclimation period of 70-dB background
broadband noise that continued throughout the session.
The session consisted of a total of 58 trials separated by
inter-trial intervals varying between 10 and 20 s. The trials
consisted of three conditions: 115-dB pulse-alone (PA) trials
(broadband white noise) of 40 ms duration; PP trials, the PA
preceded by a 86-dB (16 dB above background) prepulse
of 20 ms duration (broadband white noise), and a non-
stimulus condition (NS). Five ISIs (onset-to-onset) were
used for the PP trials: 30, 60, 120, 240, or 2000 ms (PP30,
PP60, PP120, PP240, PP2000, respectively). The first and last
blocks of a session consisted of six PA trials each that were
used for the calculation of habituation but not of PPI. The
two middle blocks (blocks 2 and 3), each consisted of five
PA trials, three of each of the PP trials, and three NS trials
presented in a pseudorandom order. All recordings were
screened to exclude spontaneous eye-blink activity prior
to data analysis, with about 5% of trials being excluded.
Data were analyzed with the DOS-based software SRRED2
(San Diego Instruments Inc.), peak response amplitu-
deFdefined as the maximum response sample between
21 and 150 ms in the response window. Digital signals were
smoothed by a rolling average routine of 10 successive data
points. Response rejections were made both in case of onset-to-
peak latencies 495 ms and baseline shifts 434.2mV (490
digital units). Error trials were defined as trials in which no
startle response was recorded because of a baseline shift (eg,
due to spontaneous or voluntary blinks). Subjects with error
trials and/or response rejections 450% were excluded from
data analysis. None the 16 subjects participating in the
study had to be excluded from data analysis based on this
criterion. As detailed elsewhere (Ludewig et al, 2003a), the
startle measures examined were: (1) startle reactivity, the
magnitude of responses on PA trials from block 1–4; (2)
%habituation, according to the formula (1(startle magni-
tude for PA block 1/startle magnitude for PA block 4) 100;
and (3) %PPI, according to the formula (1(mean startle
magnitude on PP trials/mean startle magnitude on PA
trials 100).
The Altered State of Consciousness Rating Scale
The Altered State of Consciousness (5D-ASC) Rating Scale
(Dittrich et al, 1985; Dittrich, 1998) was used to assess the
subjective effects under placebo and psilocybin. The scale is
sensitive to the psychological effects of psilocybin in
humans (Vollenweider et al, 1998). The 5D-ASC question-
naire is a visual-analogue scale consisting of 94 items
assessing five key dimensions of altered states of conscious-
ness (ASC), independent of their etiology (Dittrich et al,
1985; Dittrich, 1998). The 5D-ASC questionnaire consists of
five scales comprising several item clusters. (1) Oceanic
Boundlessness (OB), measures derealization and deperso-
nalization accompanied by changes in affect ranging from
heightened mood to euphoria and/or exaltation, and
alterations in the sense of time. The corresponding item
clusters are positive derealization, positive depersonaliza-
tion, altered sense of time, positive mood, and mania-like
experience. (2) Anxious Ego Dissolution (AED) measures
ego-disintegration associated with loss of self-control,
thought disorder, arousal, and anxiety. The item clusters
are anxious derealization, thought disorder, delusion, fear
of loss of thought control, and fear of loss of body control.
(3) Visionary Restructuralization (VR) includes the item
clusters elementary hallucinations, visual (pseudo-) hallu-
cinations, synesthesia, changed meaning of percepts, facili-
tated recollection, and facilitated imagination. (4) Auditory
Alterations (AA) comprises auditory illusions and auditory
(pseudo-) hallucinations. (5) Reduction of Vigilance (RV)
assesses changes in vigilance, alertness, and cognitive
performance. The results of the 5D-ASC data are given as
percentage scores of maximum absolute scale values.
Frankfurt Attention Inventory
Dose-dependent effects of psilocybin on sustained attention
were assessed using the Frankfurt Attention Inventory
(FAIR) (Moosbrugger and Oehlschla¨gel, 1996; Neubauer
and Knorr, 2006). This paper–pencil test consists of 640
items (two sheets with 320 items) with four kinds of similar
stimuli: a square with two points, a square with three points,
a circle with two points or a circle with three points. Each
sheet consists of 16 rows with 20 items. Within 6 min, the
participants have to select as much as possible of two target
configurations (circles with three points and squares with
two points) from the left side to the right side of each row.
The FAIR test yields four performance measures: (1) an
efficiency score (FAIR-E) providing information as to
whether the participant has performed the test according
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to the instructions; (2) a score for total performance
capacity (FAIR-P), which informs about the total number of
items processed with attention during the test period; (3) a
score for performance quality (FAIR-Q) reflecting the
percentage of correctly solved items; and (4) a score for
continuity of performance (FAIR-C), which is an indicator
of the degree of continuously maintained attention. The
FAIR task provides excellent test–retest reliability scores
between 0.85 and 0.91 (Cronbach’s alpha) (Moosbrugger
and Oehlschla¨gel, 1996).
Statistical Analysis
All data were analyzed using STATISTICA 7.1 for Windows
(StatSoft Inc., 2005). Startle and PPI data were analyzed
using three-way analyses of variance (ANOVA) with
treatment (placebo and three psilocybin doses), and session
(1 and 2) as well as either test block (startle: PA block 1–4)
or PP trial type (PP30, PP60, PP120, PP240, and PP2000) as
within-subject factors. Subsequently separate two-way
ANOVAs with treatment and PP trial type as within-subject
factors were calculated for each PPI session. Two-way
ANOVAs with treatment (placebo and psilocybin doses)
and session (1–4) were used to test for significant effects of
psilocybin on the FAIR attentional task indices, while a
three-way ANOVA with 5D-ASC dimensions (OB, AED, VR,
AC, VIR), treatment (placebo and three psilocybin doses),
and session (1–2) as repeated measure factors, and
subsequently separate two-way ANOVAs with 5D-ASC
dimensions and treatment as within subject factors were
used to examine the effect on the 5D-ASC scale. Based on
significant main effects or interactions, Tukey’s post hoc
comparisons were performed. Pearson’s product moment
correlations were conducted to explore the relationship
between % PPI and psychological scores. The criterion for
significance was set at po0.05.
RESULTS
Psychological Effects of Psilocybin
As previously reported (Hasler et al, 2004; Vollenweider
et al, 1997), psilocybin (115, 215, 315 m/kg) produced an
altered state that was characterized by derealization and
depersonalization phenomena, affective changes, thought
disorder, and perceptual alterations. The subjective effects
of psilocybin began 20–40 min after drug intake, peaked at
60–90 min, and lasted for 1–2 h. The effects of psilocybin
then gradually subsided and were completely absent 6 h
after drug intake. During the onset of the pharmacological
action of psilocybin, vegetative side effects including
transient nervousness, nausea, vertigo, and somnolence
were reported occasionally. The psilocybin dose regimen
applied in our study was physically and mentally well
tolerated by all subjects, with none of our subjects reporting
persisting residual psychotropic effects in systematic follow-
up investigations obtained 1, 3, or 90 days after completing
the study.
The subjective effects of psilocybin on the 5D-ASC rating
scale obtained shortly after the first and second PPI
recordings are summarized in Figures 1 and 2. In concert
with previous work (Hasler et al, 2004), an initial three-way
ANOVA with session, drug, and 5D-ASC dimension as
repeated measures revealed that the effects of psilocybin
were most pronounced during the first assessment, the peak
effect of the drug (interaction session drug 5D-ASC
dimension (F(12,180)¼ 4.2, po0.00008). Subsequently, two
separate two-way ANOVAs with drug and 5D-ASC dimen-
Figure 1 Dose–response effects of psilocybin (115, 215, 315 mg/kg) compared to placebo on the 5D-ASC obtained during the psychological peak phases
of the drug. Mean scores7SE (n¼ 16): OB¼ oceanic boundlessness, AED¼ anxious ego dissolution, VR¼ visionary restructuralization, AA¼ auditory
alterations, RV¼ reduction of vigilance. Significant changes are indicted by **¼ ppost hoco0.01; ***¼ ppost hoco0.001.
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sions as within-subject factors were calculated for the peak
and post-peak phase of the experiment. This analysis
showed that during the peak effect of the drug, psilocybin
significantly increased most of the 5D-ASC scores in a
dose-dependent manner: trend for main effect of drug
(F(3,45)¼ 2.50; po0.07); main effect of 5D-ASC dimensions
(F(4,60)¼ 45.9; po0.000001); and interaction drug
5D-ASC dimension (F(12,180)¼ 5.74; po0.000001). Post
hoc test of the drug 5D-ASC dimension interaction
showed that the increases in OB (effect sizes d ranged from
0.76 to 1.76 across doses), AED (d¼ 0.61–1.61), VR
(d¼ 0.86–1.97), and RV (d¼ 1.01–1.83) were significant
(Figure 1). Further subscale scores analysis revealed that the
psilocybin-induced elevation in OB scores was due mainly
to increases in positively experienced depersonalization and
derealization associated with heightened mood, euphoria,
and with increasing dose also mania-like symptoms. The
increase in AED scores was due mostly to moderate anxious
ego-disintegration, thought disorder, and fear of losing
control. Thought disturbances included acceleration or
deceleration of thinking, thought blocking, alogia, and
loosening of associations. Profound anxiety or panic did not
occur in our protective experimental setting, although with
the high dose of psilocybin some subjects experienced short
lasting and transient episodes of paranoid thinking, altered
meaning of percepts, and misinterpretation of the experi-
mental situation. The increase in the VR score was
attributable primarily to visual illusions and at high doses
to visual hallucinations and synesthesia. Auditory Altera-
tions (AA) mainly included acoustic illusions, hearing
sound or melodies as well as unstructured achoasms, but
none of the subjects reported hearing voices.
As shown by the aforementioned three-way ANOVA, the
effect of psilocybin had already declined markedly during
the second assessment, the post-peak phase. The 2-way
ANOVA on the post-peak data yielded a significant main
effect of drug (F(3,45)¼ 17.2; po0.00001); main effect of
ASC dimensions (F(4,60)¼ 13.4; po0.00001); and inter-
action drugASC dimension (F(12,180)¼ 5.5; po0.00001)
(Figure 2). Post hoc test of the drugASC dimension
interaction revealed that both the medium and high dose of
psilocybin significantly increased the OB (d¼ 1.24 and 1.26,
respectively), AED (d¼ 0.69 and 1.28), VR (d¼ 1.32 and
1.11), and RV (d¼ 1.54 and 1.66) scores (although to a
much lesser extent compared to the peak phase).
Attentional Performance
As shown in Figure 3, psilocybin impaired attentional
performance on the FAIR task in dose-dependent manner.
Specifically, psilocybin significantly reduced the FAIR
attentional performance capacity score P (interaction
drug session: F(9,135)¼ 10.3, po0.00001) and the FAIR
score Q indexing the amount of attentively made decisions
relative to the total decisions (interaction drug session:
F(9,135)¼ 2.69, po0.006) as well as the attentional con-
tinuity performance score C (interaction drug session:
F(9,135)¼ 5.22, po0.00001). Post hoc testing revealed that
the reduction in P and C scores was significant after low
(effect sizes in the peak: d¼ 1.03 and 0.86, respectively),
medium (d¼ 1.27 and 1.13), or high dose (d¼ 1.17 and
1.13) of psilocybin and during both the peak and post-peak
effect of psilocybin, while the reduction in the Q score was
significant only after high dose psilocybin and during the
peak effect of the drug (d¼ 0.95). Psilocybin did not
significantly affect the efficiency score E assessing the
comprehension of the task.
Figure 2 Dose–response effects of psilocybin (115, 215, 315 mg/kg) compared to placebo on the 5D-ASC obtained during the psychological post-peak
phases of the drug. Mean scores7SE (n¼ 16): OB¼ oceanic boundlessness, AEd¼ anxious ego dissolution, VR¼ visionary restructuralization,
AA¼ auditory alterations, RV¼ reduction of vigilance. Significant changes are indicted by ***¼ ppost hoco0.001.
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Effect of Psilocybin on Startle Amplitude and
Habituation
As shown in Table 1, none of the psilocybin doses used
significantly affected startle reactivity during the psycholo-
gical peak or post-peak phases compared to placebo. There
was a significant session block interaction (F(3,45)¼ 2.88,
po0.045), indicating that startle reactivity pooled over
doses may differ in a given block between sessions.
However, post hoc testing revealed no significant pairwise
differences. Subsequent collapsing of the data over dose
and session revealed a significant main effect of block
(F(3,45)¼ 138.4, po0.00001) with lower startle reactivity in
the later than in earlier blocks, reflecting the phenomenon
of habituation. However, the lack of a significant drug
block interaction indicates that psilocybin did not affect
habituation. An additional analysis of the %habituation
data confirmed that habituation was not altered after
psilocybin at any dose.
Effect of Psilocybin on Percent PPI
The effects of psilocybin on %PPI are summarized in
Figures 4 and 5. An initial three-way ANOVA indicated that
psilocybin has similar overall effects on PPI across the
different PPI conditions during both the psychological peak
and post-peak phases of the drug effect. Specifically,
psilocybin appears to reduce PPI at short, have no effect
at medium, and increase PPI at long ISIs (drug
PP-condition interaction: F(12,180)¼ 4.97, po0.000001).
Furthermore, inspection of the data and the significant
session drug interaction (F(3,45)¼ 3.76, po0.01) indi-
cated that these effects differ across sessions and were more
pronounced during the first than the second assessment.
Given this observation and the fact that the psychological
effects of psilocybin had already substantially subsided
during the second PPI session, separate two-way ANOVAs
were subsequently conducted for the first and second PPI
assessment. This analysis again showed that psilocybin had
either no or opposite effects on %PPI at short and long PP
intervals (drug PP-condition interaction: F(12,180)¼ 5.75,
po0.000001) (Figure 4). Post hoc testing confirmed that the
reduction in %PPI was significant at the 30 ms PP interval
for the low (effect size d¼ 0.80), medium (d¼ 0.83), and
high doses (d¼ 0.71) of psilocybin, and that the increase in
%PPI was significant at the 120 ms interval for the medium
dose (d¼ 0.63), at the 240 ms interval for the low (d¼ 0.40),
medium (d¼ 0.90), and high doses (d¼ 0.61), and at the
Figure 3 Dose–response effects of psilocybin (115, 215, 315 mg/kg) compared to placebo on the FAIR attentional performance score P in healthy human
volunteers obtained at 0, 105 (during the peak phase), 180 and 360 min after drug intake (n¼ 16). Significant differences are indicated by *¼ ppost hoco0.05;
***¼ ppost hoco0.001.
Table 1 Mean Startle Amplitudes of Block 2 and 3 during Placebo and Psilocybin Conditions
Placebo Low-dose psi Medium-dose psi High-dose psi
Mean SE Mean SE Mean SE Mean SE
Session 1 295.8 35.8 298.9 30.1 323.1 33.2 286.7 28.5
Session 2 281.0 37.3 314.8 43.4 273.1 35.1 301.0 50.8
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2000 ms interval for the medium (d¼ 0.88) and high doses
(d¼ 0.92). A similar analysis and post hoc testing of the PPI
data of the post-peak phase revealed only a weak trend
towards a drug PP-condition interaction (F(12,180)¼ 1.5,
p¼ 0.12, reflecting that the highest dose of psilocybin still
reduced %PPI somewhat at the 30 ms and increased PPI at
the 240 and 2000 ms lead intervals (Figure 5).
Relationships of PPI and Clinical Symptoms
To explore the relationship between PPI and clinical
symptoms in psilocybin states, data obtained during the
peak effects of psilocybin were pooled across doses (n¼ 48)
and correlation analyses between PPI and the FAIR or the
5D-ASC scale scores were performed. This analysis revealed
Figure 4 Dose–response effects of psilocybin (115, 215, 315 mg/kg) compared to placebo on percentage prepulse inhibition (%; mean7SE) at five PP
conditions (ISI: 30, 60, 120, 240, and 2000 ms) in healthy human volunteers obtained during the psychological peak phases of the drug (n¼ 16).
ISI¼ interstimulus-interval. Significant differences are indicated by *¼ ppost hoco0.05.
Figure 5 Dose–response effects of psilocybin on percentage prepulse inhibition (%; mean7SE) at five PP conditions (ISI: 30, 60, 120, 240, and 2000 ms)
in healthy human volunteers during the psychological post-peak phases of the drug (n¼ 16). ISI¼ interstimulus-interval.
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that the %PPI obtained at the 30 ms lead interval correlated
significantly with attentional performance (P score) on
the FAIR task (R¼ 0.50, po0.0003) (Figure 6). A similar
correlation was found for the attentional continuity score C
(R¼ 0.49, po0.0004). There were no other significant
correlations between PPI performance and the FAIR or
any of the 5D-ACS scores (range of R from 0.06 to 0.18).
DISCUSSION
This dose–response study with the mixed 5-HT2A/1A though
preferential 5-HT2A agonist psilocybin in humans was
undertaken to clarify the disparity between previous reports
of PPI-increasing effects of psilocybin in humans (Gouzou-
lis-Mayfrank et al, 1998b) and PPI-disrupting effects of
serotonergic hallucinogens in animals (Sipes and Geyer,
1995; Geyer, 1998). The present study yielded three main
results. First, psilocybin reduced PPI at short (30 ms), had
no effect at medium (60 ms), and increased PPI at long
(120–2000 ms) ISIs in a dose-dependent manner, while
startle reactivity and habituation remained unaffected.
Second, concomitantly psilocybin elicited an altered state
of consciousness characterized by derealization and deper-
sonalization phenomena, thought disorder, affective
changes, and visual disturbances including positive and
negative symptoms of schizophrenia (Gouzoulis-Mayfrank
et al, 1998a; Vollenweider and Geyer, 2001). Third,
psilocybin impaired sustained attention, a finding that
was positively correlated with the psilocybin-induced
reductions in PPI at the shortest and presumably pre-
attentive ISI condition and not with the increases in PPI at
longer ISIs. Taken together, the present findings indicate
that activation of 5-HT2A and/or 5-HT1A receptors can
disrupt PPI of acoustic startle in humans and provide
further evidence that disrupted gating may lead to cognitive
disturbances (McGhie and Chapman, 1961; Braff et al,
1992).
The present finding that psilocybin increased PPI at
longer ISIs (120–2000 ms) confirms previous work demon-
strating that a dose of psilocybin (200 mg /kg)Fcomparable
to the medium dose used in the present studyFproduced a
mild although significant increase in PPI at a prepulse-
to-pulse (PP) interval of 100 ms in healthy volunteers
(Gouzoulis-Mayfrank et al, 1998b). In both studies,
psilocybin had no significant effect on startle reactivity or
habituation. Moreover, the PPI-enhancing effect seen in the
present study at longer ISIs was dose-dependent and thus
did not confirm our hypothesis that higher doses of
psilocybin (215 and 315 mg/kg) than that used in the study
of Gouzoulis and co-workers (200 mg/kg) would lead to a
disruption of PPI. In contrast, a recent study of effects of the
DMT-containing hallucinogenic beverage ayahuasca in
healthy volunteers found no significant effect on PPI using
prepulse intervals of 60, 120, 240, and 2000 ms (Riba et al,
2002). A possible explanation that ayahuasca DMT failed to
affect PPI in humans may be due to the fact that DMT is a
very short acting hallucinogenic 5-HT2A/1A agonist (ap-
proximately 1–3 h) and that the effects on the 5D-ASC
dimensions in the study of Riba and co-workers were
considerably smaller than those seen in the present study
with psilocybin. However, the PPI-enhancing effect seen
with increasing doses of psilocybin in humans at long ISIs
contrasts with a number of animal studies reporting that
specific 5-HT2A/2C agonists such as DOI or mescaline
disrupt PPI in rats (Padich et al, 1996; Sipes and Geyer,
1994, 1995, 1997). Specifically, it was found that DOI dose-
dependently disrupts PPI at ISIs of 100 ms without
significantly affecting startle reactivity (Sipes and Geyer,
1995). Moreover, it was found that the PPI-disrupting effect
Figure 6 Correlation between FAIR attentional performance (P scores) and percentage prepulse inhibition (%PPI) of pooled data across psilocybin doses
obtained at the 30 ms lead interval during the psychological peak phases of the drug (n¼ 48). R¼ 0.49, po0.0004.
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of DOI was blocked by the highly specific 5-HT2A antagonist
M100,907, but not by 5-HT2C antagonists, suggesting that
the disruption of PPI in the rat is mediated by 5-HT2A
rather than 5-HT2C receptors (Sipes and Geyer, 1995, 1997).
Nevertheless, the present findings not only confirm
previous work that psilocybin enhances PPI at long
prepulse intervals in humans (Gouzoulis-Mayfrank et al,
1998b), but also demonstrate that psilocybin disrupts PPI at
short prepulse intervals of 30 ms. Given that we found no
correlations between the psilocybin-induced increases in
PPI at long ISIs and any of the attentional or states of
consciousness scores, we can only conclude that the
physiological significance of these increases in PPI are
related to unknown processes that were not assessed in the
present study. As psilocybin had no effect on startle
reactivity, it appears that psilocybin targets startle circuits
that are involved in inhibitory processes rather than having
a generalized effect on startle reactivity. Similarly, no effect
on startle reactivity was found after administration of a
comparable dose of psilocybin (200 mg/kg) in rats (Davis
and Walters, 1977). The finding that psilocybin did not
significantly affect startle amplitude and habituation of the
ASR in the present study is also consistent with animal
studies demonstrating that comparable doses of the
5-HT2A/2C agonist DOI (0.25 and 0.5 mg/kg) did not alter
startle in rats (Sipes and Geyer, 1995, 1997). In addition,
direct infusion of DOI (1.0–10.0 mg/0.5 ml) into the ventral
pallidum or the nucleus accumbens, which are important
in the modulation of PPI, also did not change startle
reactivity (Sipes and Geyer, 1997). Only high doses of the
5-HT2A/2C agonists DOI (42 mg/kg) and DOB (3 mmol/kg)
reduced startle amplitude in rats (Johansson et al, 1995;
Padich et al, 1996).
The PPI-disrupting effect of psilocybin at the short ISI of
30 ms is consistent with animal studies demonstrating that
hallucinogenic 5-HT2A/2C agonists such as DOI disrupt PPI
in rats (Padich et al, 1996; Sipes and Geyer, 1994, 1995,
1997). One of these animal studies found that DOI reduced
PPI across a wide range of ISIs from 25 to 180 ms (Canal
et al, 2001) in contrast to the present ISI-dependent effects
of psilocybin in humans. Unfortunately, there is as yet no
published study that directly investigated the effect of
psilocybin on PPI in animals.
A further important result is the finding that the
psilocybin-induced attentional deficit as measured by the
FAIR task correlated positively with the PPI reduction at the
short 30 ms ISI but not with the PPI increases seen at longer
ISIs. This finding supports the general concept that deficits
in early pre-attentive information processing may underlie
the more complex attentional and cognitive abnormalities
in psychotic states such as schizophrenia (McGhie and
Chapman, 1961; Nuechterlein and Dawson, 1984; Nuech-
terlein et al, 1994). Specifically, it is thought that schizo-
phrenia patients suffer from a form of sensory inundation
related to attentional deficits that are caused by a general
inability to filter external intrusive stimuli and thereby
focus on important and information-laden aspects of the
environment (Braff et al, 1978, 2001; Nuechterlein and
Dawson, 1984; Geyer and Braff, 1987). Along this line of
argument, there is to date only one study that directly
demonstrated that PPI deficits in schizophrenia subjects are
correlated with distractibility in a continuous performance
task and with lateralized attention on the Posner test
(Karper et al, 1996). In addition, we recently found that
unmedicated first-episode schizophrenia patients exhibit
marked PPI deficits at 30 and 60 ms and a moderate PPI
deficit at 120 ms prepulse intervals (Ludewig et al, 2003a, b).
In one of our studies, schizophrenia patients with lower PPI
capacity also showed lower attentional performance scores
on the CANTAB rapid visual information processing (RVP)
task than those with higher PPI levels (Ludewig et al,
2003b). Similarly, other studies found that PPI deficits in
schizophrenia are correlated with thought disorder
(Meincke et al, 2004; Perry and Braff, 1994; Perry et al,
1999). Furthermore, the finding of a positive correlation
between PPI capacity and attentional performance in the
present study is also of relevance to the view that a
serotonergic dysfunction may contribute to the pathophy-
siology of cognitive deficits in schizophrenia (Meltzer and
Nash, 1991; Roth et al, 2004). Although the role of the
serotonergic system in the modulation of PPI is complex,
there is accumulating evidence that atypical antipsychotics
having higher affinity at 5-HT2A than D2 receptors may be
superior over typical antipsychotics in reversing PPI deficits
(Kumari and Sharma, 2002) and partly also in ameliorating
cognitive impairments in schizophrenia (Meltzer and Nash,
1991; Roth et al, 2004). Thus, the present findings further
support the involvement of the serotonergic system in the
modulation of sensorimotor gating and for the first time
directly link PPI to controlled attentional performance.
Indirectly, these findings are consistent with the suggested
contributions of 5-HT2A receptors to deficits in sensor-
imotor gating in schizophrenia patients.
The reason that psilocybin has dual ISI-dependent actions
on PPI in humans while DOI disrupts PPI across ISIs in
the rat is not known. The fact that psilocybin, in contrast
to DOI, displays moderate agonistic activity at 5-HT1A
(Ki¼ 190 nM) receptors in addition to having strong
agonistic action at 5-HT2A receptors (Ki¼ 6 nM) (Aghaja-
nian et al, 1972; Haigler and Aghajanian, 1974; Marek and
Aghajanian, 1996; McKenna et al, 1990), raises the
possibility that the dual effects of psilocybin on PPI in
humans depend on some combination of 5-HT2A or 5-HT1A
receptor stimulation, although downstream effects upon the
glutamate and dopamine systems may also be implicated
(Vollenweider et al, 1999b; Aghajanian and Marek, 2000).
Moreover, the mechanism by which psilocybin reduces PPI
at short and increases PPI at longer ISIs cannot be derived
from the present study, but the currently available data on
the effects of hallucinogens in animals and humans allow
several possible explanations. First, in accordance with the
finding that the disruption of PPI after application of DOI in
the ventral pallidum or the nucleus accumbens in the rat
was blocked by highly selective 5-HT2A antagonists (Sipes
and Geyer, 1997), it is possible that the psilocybin-induced
PPI deficits at the 30 ms ISI in this study may primarily
depend on 5-HT2A receptor stimulation located in more
basic modulatory structures of the startle circuit such as the
striatum and thalamus, while the increases seen at longer
ISIs may be due to a concomitant stimulation of 5-HT1A
receptors located in cortical neurons. In support of this
interpretation, immunohistochemical studies demonstrate
that 5-HT1A receptors are co-localized with 5-HT2A
receptors in cortical pyramidal cells (Martin-Ruiz et al,
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2001), where both receptor subtypes display opposing
effects when they were stimulated (Araneda and Andrade,
1991). It is also of note that the partial 5-HT1A agonist
buspirone increased PPI in rats (Johansson et al, 1995),
despite the many reports that more specific and full 5-HT1A
agonists disrupt PPI in rats (for review see Geyer et al
(2001)). Thus, it might be possible that psilocybin,
particularly with increasing doses, leads to an additional
stimulation of 5-HT1A receptors which in turn may have
masked (at 60 ms) or counteracted (at 120–240 ms)
potential 5-HT2A receptor-mediated PPI deficits at longer
ISIs.
Second, it might also be possible that species-specific
effects of serotonergic agonists on PPI, perhaps due to
differences in transducing mechanisms, may contribute to
the disparity between the human and animal findings. In
fact, it was found that a variety of 5-HT1A agonists dose-
dependently disrupt PPI in rats (for review see Geyer et al,
2001) but a diametrically opposite effect has been observed
in mice (for review see Geyer et al, 2002). Moreover, we
previously reported that the 5-HT releasing agent MDMAF
which indirectly stimulates both 5-HT2A and 5-HT1A
receptorsFalso increases PPI at long (120 ms) but not
short ISI (30 ms) in healthy human volunteers and disrupts
PPI in rats (Vollenweider et al, 1999a).
Third, we cannot fully exclude the possibility that the
psilocybin-induced PPI deficits at the short ISI seen in this
study may depend on 5-HT1A receptor stimulation, as both
5-HT1A and 5-HT2A agonists disrupt PPI at least in the rat
(reviewed by Geyer et al, 2001). However, the fact that
administration of even relative low doses of 5-HT1A agonist
increased startle reactivity in the rat, which was not the case
in this study with psilocybin in humans, may not favor such
an interpretation.
Thus, in the absence of mechanistic studies, no firm
conclusions can be drawn regarding the mediation of the
observed ISI-dependent effects of psilocybin on PPI in
humans. Hence, considerably more research is needed to
clarify the mechanisms and sites of action of psilocybin on
PPI in humans. For example, it will be important to
determine whether the psilocybin-induced increase in PPI
observed in humans in the present study is prevented by
pretreatment with 5-HT1A antagonists, as would be expected
if this effect is due to a drug-induced stimulation of 5-HT1A
receptors as the opposite effect appears to be in rats (Sipes
and Geyer, 1995) and the similar effect appears to be in mice
(Dulawa et al, 2000).
One final caveat is that the highest dose of psilocybin
(315 mg/kg) used in this study might not have been high
enough to induce a full-blown psychotic state that might
have been associated with more unidirectional effects of
psilocybin on PPI, such as is seen in schizophrenia. Analysis
of the 5D-ASC subscales revealed that psilocybin produced
mostly depersonalization and derealization associated
mania-like symptoms (OB scores) but only moderate
anxious ego-disintegration, thought disorder, and fear of
losing control (AED scores). Only at the highest dose of
psilocybin some subjects experienced brief and transient
episodes of paranoid thinking, altered meaning of percepts,
and misinterpretation of the experimental situation. Given
that the present dose regimen was well tolerated by our
subjects in this as well as in previous studies with psilocybin
in healthy volunteers, the exploration of somewhat higher
doses of psilocybin on PPI seems to be justified in a later
stage of the investigation.
To our knowledge this is the first study simultaneously
modeling deficits in PPI and sustained attention (and their
association) as well as psychopathological symptoms via
challenge of a hallucinogenic drug in healthy human
volunteers. The present study revealed complexities regard-
ing the role of the serotonergic system in the modulation
of PPI in humans. It appears that overactivity at 5-HT2A
receptors may be a common denominator of psilocybin-
and DOI-induced PPI deficits seen at short ISIs in human
and animal models of schizophrenia. Furthermore, we
suggest that the agonistic properties of psilocybin at 5-HT1A
and/or 5-HT2A receptors are responsible for the apparent
disparity between the PPI-enhancing effects of psilocybin in
humans and the PPI-disruptive effects of DOI in animals at
long ISIs. The ISI-dependent effects of psilocybin on PPI
stress the importance that startle sequences with graded ISIs
(ranging from pre-attentive to perceivable ISIs) are used
when pharmacological manipulations on PPI between
rodents and humans are compared. Finally, further studies
of the concomitant effects of psilocybin on PPI and
attention may help to elucidate the roles and interdepen-
dencies of serotonin receptors and their hypothesized
interactions with other neurotransmitter systems in schizo-
phrenia.
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Sensorimotor gating and attentional set-shifting
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Abstract
Prepulse inhibition (PPI) of the acoustic startle response (ASR) has been established as an operational
measure of sensorimotor gating. Animal and human studies have shown that PPI can be modulated by
dopaminergic, serotonergic, and glutamatergic drugs and consequently it was proposed that impaired
sensorimotor gating in schizophrenia parallels a central abnormality within the corresponding neuro-
transmitter systems. Recent animal studies suggest that the opioid system may also play a role in the
modulation of sensorimotor gating. Thus, the present study investigated the inﬂuence of the m-opioid
receptor agonist morphine on PPI in healthy human volunteers. Eighteen male, non-smoking healthy
volunteers each received placebo or 10 mg morphine sulphate (p.o.) at a 2-wk interval in a double-blind,
randomized, and counterbalanced order. PPI was measured 75 min after drug/placebo intake. The eﬀects
of morphine on mood were measured by the Adjective Mood Rating Scale and side-eﬀects were assessed
by the List of Complaints. Additionally, we administered a comprehensive neuropsychological test bat-
tery consisting of tests of the Cambridge Neuropsychological Test Automated Battery and the Rey
Auditory Verbal Learning Test. Morphine signiﬁcantly increased PPI without aﬀecting startle reactivity or
habituation. Furthermore, morphine selectively improved the error rate in an attentional set-shifting task
but did not inﬂuence vigilance, memory, or executive functions. These results imply that the opioid
system is involved in the modulation of PPI and attentional set-shifting in humans and they raise the
question whether the opioid system plays a crucial role also in the regulation of PPI and attentional set-
shifting in schizophrenia.
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Key words : Acoustic startle response, CANTAB, morphine, m-opioid receptor, prepulse inhibition,
schizophrenia, sensorimotor gating.
Introduction
Prepulse inhibition (PPI) of the acoustic startle re-
sponse (ASR) is used as an operational measure of
sensorimotor gating that is proposed to reﬂect the
ability to regulate sensory input by ﬁltering out irrel-
evant or distracting stimuli in order to prevent sensory
information overﬂow (Braﬀ et al., 1978, 1992). PPI re-
fers to the reduction of the startle response when a
distinctive weak prestimulus is presented 30–500 ms
before a startle-eliciting stimulus (Graham, 1975).
In accordance with the ﬁlter deﬁcit model of
schizophrenia, diminished sensorimotor gating has
been consistently demonstrated in patients with
schizophrenia (Braﬀ et al., 1978, 1992 ; Kumari et al.,
2000 ; Ludewig et al., 2003; Parwani et al., 2000 ;
Quednow et al., 2006c). It has been hypothesized that
the cognitive deﬁcits and positive symptoms in
schizophrenia are related to deﬁcient sensorimotor
gating (Braﬀ et al., 2001).
In rats schizophrenia-like PPI deﬁcits can be
induced by direct and indirect dopamine receptor
agonists, serotonin-2A (5-HT2A) receptor agonists, and
N-methyl-D-aspartate (NMDA) antagonists (for review
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see Geyer et al., 2001). Given that drug-induced PPI
deﬁcits can be abolished by pre- or post-treatment
with antipsychotics, it was proposed that impaired
sensorimotor gating in schizophrenia parallels central
neurochemical abnormalities underlying the disease
(Geyer et al., 2001). In addition, evidence from cross-
sectional and longitudinal clinical studies suggest
that atypical antipsychotics are especially eﬀective
in improving deﬁcient PPI in schizophrenia patients
(Kumari et al., 1999, 2002 ; Leumann et al., 2002;
Oranje et al., 2002; Quednow et al., 2006c). Similarly,
the atypical antipsychotics clozapine and quetiapine
also enhance PPI in healthy human volunteers ex-
hibiting low baseline PPI levels (Swerdlow et al.,
2006 ; Vollenweider et al., 2006). Consequently, drug-
induced PPI deﬁcits have been established as a trans-
lational model of antipsychotic activity (Swerdlow
and Geyer, 1998).
Although the role of the dopaminergic, serotonergic,
and glutamatergic neurotransmitter systems with re-
spect to PPI is well investigated, the contribution of
other neurotransmitter systems – such as the opioid
system – in the modulation of PPI is unclear. How-
ever, the investigation of the involvement of the
opioid system in sensorimotor gating is of special
interest because the opioid system may participate
in the pathogenesis of schizophrenia (Bloom et al.,
1976 ; Jacquet and Marks, 1976 ; Schmauss and Emrich,
1985 ; Terenius et al., 1976). Moreover, the opioid and
dopaminergic reward system and the cortico-striato-
pallido-thalamic (CSPT) circuitry involved in the
regulation of PPI show a considerable anatomical
overlap (Swerdlow et al., 1999). Nevertheless, the in-
ﬂuence of the opioid system on PPI is not well-studied
in animals and studies in humans are currently lack-
ing. Recently, it has been shown that the selective
k-opioid receptor agonist U50488 disrupts PPI in rats
and clozapine prevented this disruption. Moreover,
the selective k-opioid receptor antagonist norbinaltor-
phimine also prevented the U50488-induced PPI deﬁ-
cit, whereas norbinaltorphimine alone did not alter
PPI (Bortolato et al., 2005). Although the m-opioid re-
ceptor agonists morphine and heroin did not signiﬁ-
cantly alter PPI in rats (Leitner, 1989 ; Ouagazzal et al.,
2001 ; Swerdlow et al., 1991), heroin clearly tended
to increase PPI dose-dependently (Swerdlow et al.,
1991). In mice, the endogenous m-opioid receptor ago-
nist endomorphin-1 on its own also did also not alter
PPI but attenuated PPI deﬁcits induced by the direct
dopamine receptor agonist apomorphine (Ukai and
Okuda, 2003). Finally, the non-selective m-, d-, and
k-opioid receptor antagonist naloxone did not inﬂu-
ence PPI in rats but prevented the loss of PPI induced
by the indirect dopamine agonist amphetamine,
whereas apomorphine-induced PPI deﬁcits were not
altered by naloxone. The authors concluded that
dopamine–opioid interactions in the nucleus ac-
cumbens might account for these results (Swerdlow
et al., 1991). Summarized, previous animal data did
not provide a clear picture with respect to the role
of the opioid system for sensorimotor gating.
The involvement of the opioid system in higher
cognitive functions is – apart from reward mechan-
isms and pain modulation – not well-understood
(Gianoulakis, 2004 ; McNally and Akil, 2002;
Waldhoer et al., 2004). Nevertheless, there is some
evidence that activation of the m-opioid receptor by
[D-Ala(2),N-Met-Phe(4),Gly(5)]-enkephalin (DAMGO)
impairs working memory in mice which can be re-
versed by the k-opioid receptor agonist dynorphin
(Itoh et al., 1994). Dynorphin also improves memory
dysfunction in animal models of amnesia and these
eﬀects can be reversed by norbinaltorphimine
(Ilyutchenok and Dubrovina, 1995 ; Ukai et al., 1997).
In-vitro studies on hippocampal neurons showed that
opioids acting on the m-opioid receptor facilitate the
induction of long-term potentiation (LTP) of synaptic
transmission which has been postulated as a cellular
mechanism for learning and memory. In contrast, the
k-opioid receptor agonists dynorphin and U50488 in-
hibit LTP (Simmons and Chavkin, 1996 ; Wagner et al.,
1993 ; Weisskopf et al., 1993).
However, m-opioid receptor agonists do not gen-
erally impair cognitive functioning in humans (for
review see Ersek et al., 2004). Only high doses of
selective m-opioid receptor agonists seem to decrease
delayed verbal memory performance in healthy hu-
mans (Cleeland et al., 1996; Hanks et al., 1995 ; Kerr
et al., 1991), whereas short-term memory or working
memory as well as other cognitive domains remained
widely unimpaired even after high doses (Cleeland
et al., 1996 ; Evans and Smith, 1964 ; Hanks et al., 1995;
Hill and Zacny, 2000 ; O’Neill et al., 2000 ; Walker and
Zacny, 1998). On the contrary, some studies in healthy
volunteers have shown that morphine and codeine
(which is metabolized into morphine) increase the
accuracy in choice reaction-time tasks (Hanks et al.,
1995 ; O’Neill et al., 2000), enhance perceptual speed
and logical reasoning (Evans and Smith, 1964), and
improve learning and delayed recall in a serial learn-
ing task (Liljequist, 1981). Interestingly, naloxone
impaired delayed recall while decreasing learning,
immediate recall, accuracy of spatial orientation, moni-
toring of word presentations, and increasing choice
reaction time (Cohen et al., 1983 ; Martin del Campo
et al., 1992).
2 B. B. Quednow et al.
120
Since the role of m-opioid receptors in the modu-
lation of sensorimotor gating has not been studied
in humans so far, we investigated the eﬀects of the
m-opioid receptor agonist morphine on PPI, startle
reactivity and habituation of ASR in healthy human
volunteers in a randomized, double-blind, placebo-
controlled, and counterbalanced design. In addition,
we administered a comprehensive neuropsychological
test battery to explore the eﬀects of morphine on
higher cognitive functions and to further investigate
whether morphine-induced changes in sensorimotor
gating are associated with changes in cognitive per-
formance. Based on the ﬁnding that heroin tended to
increase PPI in rats (Swerdlow et al., 1991), we ex-
pected to ﬁnd an enhancing eﬀect of morphine on PPI
in human volunteers. While previous human studies
found impaired delayed recall performance only after
high doses and reported no or enhancing eﬀects on
several cognitive domains after low and moderate
doses of morphine, we anticipated no signiﬁcant eﬀect
on neuropsychological performance by the relatively
low dose of morphine sulphate (10 mg) administered
in the present study.
Method
Participants
Since menstrual cycle and smoking have been shown
to inﬂuence PPI (Duncan et al., 2001 ; Kumari andGray,
1999 ; Swerdlow et al., 1997) only male non-smoking
subjects were included. Eighteen healthy volunteers
(aged 19–31 yr) were recruited through internet ad-
vertisement from local universities. Subjects’ physical
health was conﬁrmed by medical history, clinical
examination, electrocardiography, and blood analysis.
To ensure mental health, all subjects underwent a
psychiatric screening interview based on the DIA-X
computerized diagnostic expert system (Wittchen and
Pﬁster, 1997). Furthermore, subjects were examined
with the Freiburg Personality Inventory (FPI ; Fahren-
berg et al., 1984) and the Hopkins Symptom Checklist
(SCL-90-R; Derogatis, 1977) ; scores diﬀering two
standard deviations from the mean value of normative
data in any subscale of these questionnaires were used
as exclusion criteria (no subjects had to be excluded by
these criteria). All subjects were also screened for
hearing impairment by means of a brief hearing test.
The demographical data are shown in Table 1.
None of the subjects had a past or present psychi-
atric or neurological disorder, or a severe physical
illness. Moreover, none of them reported a family
history of psychiatric disorders, which are known to
have an impact on PPI, speciﬁcally schizophrenia
spectrum disorders or obsessive–compulsive disorder.
All participants negated use of psychotropic medi-
cation or illicit drug use, which was conﬁrmed by
urine toxicology on both test days.
This study was approved by the Ethics Committee
of the University Hospital of Psychiatry, Zurich. After
receiving a written and oral description of the aim of
this study, all participants gave written informed
consent statements before inclusion.
Morphine
Morphine (SevredolTM) was obtained from Mundi-
pharma, Basel, Switzerland and was prepared as
gelatine capsules of 10 mg morphine sulphate (equiv-
alent to 7.5 mg morphine) at the pharmacy of the Psy-
chiatric University Hospital, Zurich. Lactose placebo
and morphine were administered in gelatine capsules
of identical appearance.
Table 1. Demographic and psychometric data of the
18 healthy human volunteers
Mean¡S.D.
Age (yr) 23.9¡2.9
Weight (kg) 73.8¡7.2
Height (m) 1.80¡0.1
Body mass index 22.8¡1.4
Verbal IQ 104.5¡11.0
Hopkins Symptom Checklist (SCL-90-R)
Somatization 0.26¡0.28
Obsessive compulsion 0.53¡0.45
Interpersonal sensitivity 0.33¡0.48
Depression 0.31¡0.43
Anxiety 0.18¡0.26
Hostility 0.33¡0.49
Phobic anxiety 0.06¡0.14
Paranoid ideation 0.36¡0.46
Psychoticism 0.17¡0.37
Positive symptom total 19.0¡15.5
Global severity index 0.29¡0.32
Positive symptom distress index 1.25¡0.28
Freiburg Personality Inventory (FPI)
Nervousness 3.35¡2.60
Aggression 3.61¡2.55
Depression 2.82¡2.72
Excitability 2.47¡2.10
Sociability 9.35¡2.83
Patience 5.06¡2.05
Dominance 2.47¡1.74
Inhibition 3.18¡2.21
Frankness 4.88¡1.36
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Study design
The study design was double-blind, placebo-con-
trolled and included two experimental conditions
(morphine and placebo). All subjects received placebo
and a single dose of morphine in a randomized and
counterbalanced order at one of two experimental
days separated by a 2-wk interval.
Sessions were conducted in a calm and comfortable
laboratory environment. Participants were told to ab-
stain from alcohol the day prior to each test session,
not to drink caﬀeine-containing beverages and not
to eat 6 h prior to each session. Thirty minutes after
arriving in the laboratory, subjects received placebo or
morphine in capsules. Heart rate and blood pressure
were recorded 10 min before as well as 65 min and
160 min after drug/placebo intake. To coincide with
the mean peak eﬀects of morphine (Collins et al., 1998)
startle measures were obtained 75 min after drug/
placebo intake. The neuropsychological test battery
was conducted directly after the startle measurement
(y100 min after drug/placebo intake) and lasted about
45 min. The Adjective Mood Rating Scale (AMRS;
Janke and Debus, 1978) was administered 10 min be-
fore and 70 min after drug/placebo intake. Finally, the
List of Complaints (von Zerssen, 1971) was assessed
about 165 min after drug/placebo intake. After the
acute drug eﬀects of morphine subsided completely
and the participants reported well-being, they were
dismissed.
Startle response measurement
The eye-blink component of the ASR was measured
using an EMG startle system (EMG-SR-LAB, SanDiego
Instruments Inc., San Diego, CA). Two Ag/Ag-chlo-
ride electrodes were placed below the right eye over
the orbicularis oculi muscle and a ground electrode
was placed on the glabella. All electrode resistances
were <5 kV. A square wave calibrator established
sensitivity to be 0.38 mV/digital unit. The system re-
corded 600 samples at 1 kHz sampling rate. EMG data
were band-pass-ﬁltered 100–1000 Hz by the acqui-
sition hardware. Acoustic startle stimuli were pre-
sented through headphones (TDH-39-P, Maico,
Minneapolis, MN, USA). Subjects were seated com-
fortably in an armchair, instructed to relax, and told
that they would hear a sequence of white-noise bursts.
They were asked to stay awake while staring at a ﬁxed
point (passive attention paradigm). Each session began
with a 2-min acclimation period of 70-dB background
noise that continued throughout the session. The ses-
sion consisted of a total of 73 trials separated by inter-
trial intervals varying between 10 and 20 s. The trials
consisted of four conditions : 115 dB pulse-alone (PA-
115) trials of 40 ms duration; 86 dB prepulse-alone
(PPA-86) trials of 20 ms duration, prepulse-pulse (PP)
trials consisting of a PA-115 shortly preceded by
a PPA-86, and a non-stimulus condition (NS). All
stimuli consisted of broadband white noise. Rise and
fall time of PA and PP trials were <1 ms. Five inter-
stimulus intervals (ISIs ; onset-to-onset) were used for
the PP trials : 30, 60, 120, 240, or 2000 ms (PP30, PP60,
PP120, PP240, PP2000). The initial trial was a PA-115
trial that was separated for further analyses. The ﬁrst
and last block of a session consisted of four PA-115
trials and was used for the calculation of habituation
but not of PPI. The two middle blocks (second and
third block), each consisted of four PA-115 trials, four
PPA-86 trials, four of each of the PP trials, and four
NS trials presented in a pseudorandom order. Data
were analysed with the Windows-based software
emgBLINK version 1.2 (CST, Zu¨rich, Switzerland).
Before scoring, the EMG was smoothed with a time
constant of 10 ms. Baseline amplitude was calculated
by the mean response amplitude of the ﬁrst 50 ms be-
fore stimulus onset. Stimulus response amplitudes
were assessed as peak response minus baseline value
of the respective trial. Peak response was deﬁned as
the highest reaction in the time-window between
stimulus onset to 150 ms after stimulus onset. Every
trial was examined for spontaneous eye-blinks and
other possible signs of corrupted EMG signal ; if pres-
ent the trial was excluded from data analysis, which
was the case in 2.5% of all trials. Subjects with error
trials >50% were excluded from data analysis.
Based on this criterion, two of the 18 participating
subjects were excluded from analysis only of the star-
tle data.
As described in detail elsewhere (Quednow et al.,
2006b,c), the following startle measures were ex-
amined:
(1) Startle reactivity (mean amplitude of PA-115 trials in
the ﬁrst block).
(2) Percent habituation=
100r
(first block PA-115 trialsxlast block PA-115 trials)
(first block PA-115 trials)
:
(3) Slope of the habituation curve across four blocks
of PA-115 trials
b=(nSxyx(Sx)(Sy))=(nSx2x(Sx)2),
where x=block number, y=startle amplitude of PA
trials per block.
(4) Percent PPI and percent prepulse facilitation (PPF)=
100r(PA-115 trialsxPP trials)=PA-115 trials:
4 B. B. Quednow et al.
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(5) Reactivity to prepulse stimuli and NS condition
(mean amplitude of PPA-86 and NS trials each within
the second and third block).
(6) Peak response latency (mean latency to maximal re-
sponse amplitude occurring within 150 ms after PA-
115 trials).
Psychometric measures
On the screening day, all subjects completed the FPI
(Fahrenberg et al., 1984), which measured nine per-
sonality traits, and the SCL-90 (Derogatis, 1977), which
assessed nine symptom clusters, a global severity in-
dex (GSI), a positive symptom distress index (PSDI)
and a positive symptom total score (PST). On each
experimental day all subjects completed the AMRS
(Janke and Debus, 1978) twice, which assessed seven
mood subscales. At the end of each experimental day,
all subjects completed the List of Complaints (von
Zerssen, 1971) consisting of 65 common psychosom-
atic symptoms which were summed for a total score.
Neuropsychological test battery
The battery comprises of the German version of the
Rey Auditory Verbal Learning Test (RAVLT;
Helmstaedter et al., 2001 ; Rey, 1958) and six tests of
the Cambridge Neuropsychological Test Automated
Battery [CANTAB (www.cantab.com)], which were
performed on an IBM-compatible personal computer
with a touch-screen monitor (Elo IntelliTouch, Otto-
brunn, Germany).
RAVLT. This task measures verbal declarative mem-
ory performance with regard to the supraspan (trial 1),
learning performance (S trials 1–5), recall of inter-
ference list (list B), recall after interference (trial 6),
delayed recall (trial 7 after 30 min), loss after consoli-
dation (trial 5 minus trial 7), and adjusted recognition
performance [p(list A)]. Administration of the RAVLT
and calculation of the several parameters have been
described in detail elsewhere (Quednow et al., 2006a).
CANTAB. The Motor Screening Task (MOT) was used
to introduce the subjects to the touch-screen procedure
by touching the centre point of ﬂashing crosses on
the screen as soon as possible after appearance. The
response latency was assessed. The Rapid Visual In-
formation Processing task (RVP) is a visual continuous
performance task using predeﬁned sequences of three
digits presented at a rate of 100 per minute to assess
sustained attention over a period of 4 min. Sustained
attention performance was assessed by total correct re-
sponses to target sequences (total hits), discrimination
performance (A’) and latency to hit responses. The
Intra/Extradimensional Attentional Set-shifting task
(ID/ED) is a test for rule acquisition and reversal,
featuring visual discrimination and attentional set-
shifting, analogous to the Wisconsin Card Sorting task
(Heaton, 1981). Performance was assessed by the
number of trials (adjusted to the number of completed
stages), the total number of errors (adjusted to the
number of completed stages), the errors made up to
the extradimensional shift (pre-ED errors) and the
errors made at the extradimensional stage of the task
(ED errors). The Stockings of Cambridge task (SOC)
measures the subject’s spatial planning ability, based
upon the Tower of London task (Shallice, 1982). The
total number of problems solved in the minimum
number of moves, the number of moves to reach cri-
terion, initial thinking time and subsequent thinking
time were all assessed. The Spatial Recognition
Memory task (SRM) proves visual spatial memory in a
two-choice forced discrimination paradigm. Perform-
ance was indexed by the mean latency to correct re-
sponses, and percent of correct hits of a maximum of
20. Finally, the Spatial Working Memory task (SWM)
tests spatial working memory and strategy perform-
ance. The subject had to ﬁnd a blue ’token’ in each
displayed box, whilst not returning to boxes in which
a blue token had already been found. Performance
was indexed by a strategy score, which represents the
number of times the subject begins a new search with
the same box. A high score represents poor use of
this strategy and a low score equates to eﬀective use.
Furthermore, the total number of errors and between
errors (searching a token in a box where one had
already been found) was assessed.
Statistical analysis
All data were analysed by SPSS 12.0 for Windows
(SPSS Inc., Chicago, IL, USA). Startle data, psycho-
metrical data and neuropsychological data were ana-
lysed by analyses of variance (ANOVA) with repeated
measurements. Based on signiﬁcant main eﬀects, Least
Signiﬁcant Diﬀerence (LSD) post-hoc comparisons
were performed (in case of graded within-subject fac-
tors). Frequency diﬀerences within single complaints
were analysed by McNemar tests. Interrelationships
between startle parameter, psychometrical scales,
neuropsychological variables, and demographic data
were tested using Pearson’s product-moment corre-
lation. The conﬁrmatory statistical comparisons were
carried out at a signiﬁcance level set at p<0.05 (two-
tailed). Within the correlation analyses, the signiﬁ-
cance level was set at p<0.01 (two-tailed) in order to
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avoid accumulation of a-error. Finally, eﬀect sizes
were calculated with G*Power 3 (Faul et al., 2007) ac-
cording to the conventions of Cohen (1988).
Results
Startle measurements
A 4r2 (ISI conditionrtreatment) repeated-measure
ANOVA with the four PPI conditions (PP30, PP60,
PP120, PP240) revealed signiﬁcant main eﬀects for the
factors treatment [F(1, 45)=6.04, p<0.05] and ISI con-
dition [F(3, 45)=24.97 ; p<0.001] but no signiﬁcant in-
teraction of both factors. LSD post-hoc tests revealed
that morphine signiﬁcantly increased PPI in the PP60
(p<0.05, d=0.55) and in the PP240 condition (p<0.05,
d=0.54) (see Figure 1). A repeated-measure ANOVA
with the PPF condition PP2000 did not show a sig-
niﬁcant drug eﬀect.
Given that the PPI-enhancing eﬀects of clozapine in
healthy volunteers is limited to subjects with low PPI
levels (Vollenweider et al., 2006) we investigated the
inﬂuence of placebo PPI levels on the drug eﬀects. We
divided the sample into low vs. high PPI groups by
median split in the PP60 and PP240 PPI condition
each. Then we calculated a 2r2 (grouprtreatment)
repeated-measure ANOVA with both corresponding
PPI conditions separately. While we found signiﬁcant
main eﬀects for the factors treatment [FPP60(1, 14)=
4.61, p<0.05 ; FPP240(1, 14)=5.22, p<0.001] and group
[FPP60(1, 14)=30.12, p<0.001; FPP240(1, 14)=19.27, p<
0.001] we could not detect signiﬁcant interactions
of both factors in both PP conditions. Thus, the drug
eﬀect was not limited to subjects with low PPI.
Morphine did not alter startle reactivity, habitu-
ation, peak response latency, reactivity to prepulse
stimuli and amplitude in NS trials (see Table 2).
Finally, reactivity to prepulse stimuli (PPA-86) and to
NS trials did not diﬀer signiﬁcantly.
AMRS, List of Complaints, and cardiovascular
measures
The AMRS subscales were analysed with 2r2
(treatmentrrating) repeated-measure ANOVAs (see
Table 3 showing the AMRS change scores between the
baseline rating and the rating 70 min after drug/pla-
cebo intake). No signiﬁcant treatmentrrating interac-
tion and no signiﬁcant main eﬀect of the factor
treatment occurred. A signiﬁcant main eﬀect of the
factor rating could be shown only for the AMRS sub-
scales performance-related activity [F(1, 17)=7.09, p<
0.05] and general inactivation [F(1, 17)=5.17, p<0.05],
indicating a decrease of general activity across both
test sessions. However, there were only weak statisti-
cal trends for an increase of anxiety-depression and
dreaminess under morphine (see Table 3).
The rate (¡S.D.) of side-eﬀects – measured with the
List of Complaints – did not signiﬁcantly diﬀer be-
tween placebo (2.06¡1.70) and morphine (2.89¡3.09)
[F(1, 17)=1.34, p=0.26, d=0.27]. Analyses with
McNemar tests at item level did not show any signiﬁ-
cant diﬀerences between both drug conditions. In sum,
Tiredness was the most frequent complaint (men-
tioned under placebo seven times ; under morphine
eight times) followed by Faintness (4/6) and Adde-
phagia (4/5).
A 2r2r3 (treatmentrsystolic vs. diastolic blood
pressurerrating) repeated-measure ANOVA of the
blood pressure ratings did not reveal an impact of
morphine on systolic or diastolic blood pressure.More-
over, a 2r3 (treatmentrrating) repeated-measure
ANOVA of the heart rate did also not show any in-
ﬂuence of the study medication on heart rate (cardio-
vascular data not shown).
Neuropsychological data
Repeated-measure ANOVAs revealed a signiﬁcant
main eﬀect of treatment with respect to the pre-
extradimensional shift errors (pre-ED errors) whereas
all other neuropsychological parameters did not sig-
niﬁcantly diﬀer (see Table 4). A 2r9 (treatmentrID/
ED stages) repeated-measure ANOVA of the error
rates across the nine ID/ED stages revealed a signiﬁ-
cant main eﬀect of the factor stage [F(8, 136)=11.4,
p<0.001] but only a statistical trend for the factor
treatment [F(1, 136)=2.97, p=0.09] and no signiﬁcant
interaction of both factors (see Figure 2). For an
exploratory approach we analysed the single stages
separately by means of LSD post-hoc tests. It turned
out that the error rates in the ﬁrst stage Simple
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Figure 1. Prepulse inhibition [PPI ; interstimulus intervals
(ISI) : 30–240 ms] and prepulse facilitation (PPF; ISI 2000 ms)
of acoustic startle response under morphine (&) and placebo
( ) (means and standard error of means). PPI is improved
after 10 mgmorphine sulphate (LSD post-hoc tests : * p<0.05).
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discrimination (p<0.001, d=0.97) and in the sixth
stage Intradimensional shift (p<0.05, d=0.51) were
signiﬁcantly improved under morphine.
Correlational analyses
To assess whether the signiﬁcant PPI enhancement
parallels the signiﬁcant decrease in the ID/ED pre-ED
error rate we correlated the change scores of both
parameters, which were indeed not signiﬁcantly as-
sociated. However, the change score of the error rate
in the Simple discrimination stage was positively cor-
related with the change score of the mean percent PPI
across ISI conditions (r=0.66, p<0.01, n=16), indicat-
ing that subjects with increased PPI also made less
errors under morphine. Moreover, PPI enhancement
(PP30 and PP60 conditions) was signiﬁcantly corre-
lated with decrease of SOC subsequent thinking time
[rPP30=x0.63, p<0.01, n=16 ; rPP60=0.64, p<0.01,
n=16].
Interestingly, mean percent PPI across ISI condi-
tions at placebo condition was negatively correlated
with the FPI subscale Inhibition [r=x0.66, p<0.01,
n=16], reﬂecting that subjects with low PPI show high
social inhibition (in the sense of shyness). With the
exception of a signiﬁcant correlation between slope of
habituation curve and verbal IQ (r=x0.67, p<0.01,
n=16) (indicating that a high IQ goes along with a
strong habitation capacity) no other demographic
variables were signiﬁcantly correlated with PPI, ha-
bituation, and startle reactivity.
Discussion
To our knowledge, this is the ﬁrst study investigating
the eﬀects of the m-opioid receptor agonist morphine
Table 2.Means and standard deviation of means of the amplitude of 115 dB-pulse-alone (PA-115) trials in the ﬁrst block (startle
reactivity), the amplitude of 86 dB prepulse-alone (PPA-86) trials (reactivity to prepulse stimuli), the amplitude in no-stimulus
(NS) trials, the percent prepulse inhibition (PPI) summed across inter-stimulus interval conditions (PP30-PP240), the
percent habituation between ﬁrst and last block of PA-115 trials, the slope of the habituation curve, and the latency of
startle response peak in PA-115 trials under placebo and 10 mg morphine sulphate in 16 healthy volunteers
Startle measures
Placebo
(mean¡S.D.)
Morphine
(mean¡S.D.)
Eﬀect
size (d) F
d.f.,
d.f.error p
Mean amplitude of PA-115 trials (ﬁrst block)
(arbitrary units)
543.0¡383.1 549.8¡376.2 0.04 0.02 1, 15 0.89
Mean amplitude of PPA-86 trials (arbitrary units) 25.7¡55.0 22.8¡33.0 0.08 0.11 1, 15 0.75
Mean amplitude of NS trials (arbitrary units) 8.8¡3.3 10.6¡6.8 0.26 1.15 1, 15 0.30
Mean S percent PPI (PP30-PP240 conditions) 37.2¡20.5 46.3¡20.1 0.61 6.04 1, 15 0.03
Mean percent habituation of PA-115 trials
(between ﬁrst and last block)
50.3¡26.7 53.7¡21.3 0.12 0.24 1, 15 0.63
Habituation of PA-115 trials across four blocks
(linear gradient coeﬃcient b)
x87.6¡73.6 x93.4¡58.9 0.08 0.11 1, 15 0.74
Mean peak response latency (ms) 64.3¡8.1 67.2¡15.1 0.21 0.68 1, 15 0.42
Table 3.Means and standard deviation of means of the change scores (baseline scores minus scores 70 min after drug/placebo
intake) of the subscales of the Adjective Mood Rating Scale (AMRS) under placebo and 10 mg morphine sulphate in
18 healthy volunteers
AMRS subscales
Placebo
(mean¡S.D.)
Morphine
(mean¡S.D.)
Eﬀect
size (d) F
d.f.,
d.f.error p
Performance-related activity 1.33¡2.87 2.11¡3.56 0.23 0.93 1, 17 0.35
General inactivation x1.39¡3.36 x2.22¡5.64 0.13 0.31 1, 17 0.59
Extroversion-introversion x0.11¡1.60 1.00¡2.81 0.33 1.93 1, 17 0.18
General well-being 0.17¡1.72 0.94¡2.55 0.23 0.95 1, 17 0.34
Emotional excitability x0.06¡1.80 x0.11¡1.23 0.02 0.01 1, 17 0.92
Anxiety-depresssion 0.33¡1.19 x0.50¡1.69 0.35 2.25 1, 17 0.15
Dreaminess 0.00¡0.77 x0.67¡1.75 0.38 2.62 1, 17 0.12
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on sensorimotor gating and attentional set-shifting in
healthy human volunteers. The study yielded two
main results : First, morphine signiﬁcantly increased
PPI across all of the investigated ISI conditions with-
out inﬂuencing startle reactivity and habituation. The
strongest eﬀect sizes occurred in the 60 ms and 240 ms
ISI condition. The PPI-enhancing eﬀect was seen in
most of the subjects and was not limited to subjects
with low PPI as shown previously for the atypical anti-
psychotics clozapine and quetiapine (Swerdlow et al.,
2006 ; Vollenweider et al., 2006). Second, morphine
selectively improved the pre-ED error-rate in the
ID/ED task but did not signiﬁcantly aﬀect other
neuropsychological domains such as vigilance, mem-
ory, or executive functions. Interestingly, the PPI
improvement (summed across conditions) was asso-
ciated with the decrease of errors at the ﬁrst stage
(Simple discrimination) of the ID/ED task. Moreover,
at the relatively low dose morphine did not signiﬁ-
cantly aﬀect mood and did not cause more side-eﬀects
than placebo.
The morphine-induced increase of PPI in our
healthy volunteers is in line with the previously re-
ported increase of PPI by heroin in rats (Swerdlow
et al., 1991). Furthermore,morphine did not alter startle
amplitude or habituation which is also in accordance
Table 4.Means and standard deviation of means of RAVLT variables and CANTAB task scores under placebo and 10 mg
morphine sulphate in 18 healthy volunteers
Tests
Placebo
(mean¡S.D.)
Morphine
(mean¡S.D.)
Eﬀect
size (d) F
d.f.,
d.f.error p
RAVLT
Supraspan (trial 1) 10.8¡2.29 11.1¡2.00 0.12 0.33 1, 17 0.57
Learning performance (S trials 1–5) 67.3¡6.59 67.4¡7.29 0.04 0.03 1, 17 0.87
Recall of interference list (list B) 11.4¡2.57 10.7¡2.47 0.32 1.91 1, 17 0.19
Recall after interference list (trial 6) 13.9¡1.86 13.6¡2.15 0.20 0.90 1, 17 0.36
Delayed recall (trial 7) 13.8¡1.86 13.1¡3.19 0.30 1.78 1, 17 0.20
Loss after consolidation (trial 5 minus 7) 0.78¡1.35 1.33¡2.11 0.31 1.80 1, 17 0.20
Adjusted recognition performance p(A) 0.93¡0.07 0.92¡0.13 0.10 0.05 1, 17 0.83
CANTAB
Motor Screening (MOT)
Response latency (ms) 654¡81.3 671¡125.5 0.17 0.53 1, 17 0.48
Rapid Visual Information Processing (RVP)
Total hits 21.4¡2.99 21.2¡4.37 0.07 0.06 1, 17 0.81
Discrimination performance (A’) 0.95¡0.03 0.95¡0.04 0.06 0.05 1, 17 0.82
Response latency (ms) 434¡68.6 456¡114.9 0.29 1.57 1, 17 0.23
ID/ED Attentional Set-shifting (ID/ED)
Total trials (adjusted) 72.4¡11.1 67.9¡7.2 0.35 2.16 1, 17 0.16
Total errors (adjusted) 12.6¡5.64 9.6¡4.29 0.42 3.23 1, 17 0.09
Pre-ED errors 7.2¡1.76 5.3¡1.57 0.88 13.81 1, 17 0.002
ED errors 3.6¡4.19 2.1¡1.28 0.34 2.12 1, 17 0.16
Stockings of Cambridge (SOC)
Problems solved in minimum moves 9.8¡1.44 9.7¡1.28 0.07 0.10 1, 17 0.76
Moves to reach criterion 4.0¡0.32 4.0¡0.31 0.03 0.02 1, 17 0.90
Initial thinking time (ms) 5065¡2625 5304¡2415 0.08 0.12 1, 17 0.74
Subsequent thinking time (ms) 192¡245.9 212¡196.9 0.07 0.08 1, 17 0.78
Spatial Recognition Memory
Response latency (ms) 1961¡568.4 2094¡574.8 0.22 0.85 1, 17 0.37
Percent correct hits 83.6¡10.5 85.8¡6.47 0.21 0.81 1, 17 0.38
Spatial Working Memory (SWM)
Strategy score 26.7¡6.59 25.8¡5.22 0.20 0.72 1, 17 0.41
Total number of errors 6.2¡6.01 5.6¡6.90 0.07 0.09 1, 17 0.77
Between errors 5.9¡5.81 5.4¡6.97 0.06 0.05 1, 17 0.83
RAVLT, Rey Auditory Verbal Learning Test ; CANTAB, Cambridge Neuropsychological Test Automated Battery.
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with previous studies (Leitner, 1989 ; Ouagazzal et al.,
2001 ; Swerdlow et al., 1991). Some previous studies
also reported PPI-improving eﬀects of psychoactive
drugs in healthy human volunteers : nicotine increased
PPI in smokers and non-smokers (Kumari et al., 1997 ;
Postma et al., 2006), clozapine and quetiapine en-
hanced PPI in subjects exhibiting low PPI levels
(Swerdlow et al., 2006 ; Vollenweider et al., 2006), and
the 5-HT releaser MDMA (Vollenweider et al., 1999),
as well as the hallucinogenic 5-HT2A/1A agonist psilo-
cybin increased PPI exclusively at long ISIs (Gouzoulis-
Mayfrank et al., 1998 ; Vollenweider et al., 2007).
How could the PPI-enhancing eﬀect of morphine be
explained? The opioid-system interacts with several
neurotransmitter systems such as dopamine, gluta-
mate, GABA, acetylcholine, and substance P within
core regions critically involved in sensorimotor gating
such as nucleus accumbens (NAc), ventral pallidum
(VP), and ventral tegmental area (VTA) (McGehee,
2006 ; Napier and Mitrovic, 1999 ; Pan, 1998; Swerdlow
et al., 2001 ; Xi and Stein, 2002). Since Ukai and Okuda
(2003) have shown that the m-opioid receptor agonist
endomorphin-1 could inhibit the apomorphine-
induced PPI deﬁcit in mice and as it has been found
that naloxone could prevent amphetamine-induced
disruption of PPI in rats (Swerdlow et al., 1991) one
could speculate that opiate–dopamine interactions
may account for the PPI-increasing eﬀect of morphine.
This would also ﬁt with the hypothesis that opioid–
dopamine interactions play a role in the pathogenesis
of schizophrenia (Schmauss and Emrich, 1985).
However, m-opioid receptor agonists such as mor-
phine disinhibit dopaminergic neurons in the VTA
through inhibition of GABAergic interneurons and
increase dopamine release in the NAc, an eﬀect which
is widely accepted to explain a part of the addictive
and rewarding properties of opioids (Koob, 2000 ; Pan,
1998 ; Xi and Stein, 2002). Since it has been consistently
shown that even an increase of dopamine in the NAc
disrupts PPI in rats (for review see Swerdlow et al.,
2001), opioid–dopamine interactions in the NAc are
not very likely to explain the present ﬁnding of an
m-opioid receptor-mediated increase of PPI. Even the
ﬁnding of Bortolato et al. (2005) that k-opioid receptor
activation disrupts PPI does not support dopa-
mine–opioid interactions as an explanation of opioid-
induced PPI alterations because k-opioid receptor ac-
tivation decreases dopamine release in the NAc (Pan,
1998). However, m-opioid receptor agonists are also
modulating GABAergic and glutamatergic neuro-
transmission in the VP and VTA (Johnson and Napier,
1997 ; Mitrovic and Napier, 2002 ; Napier andMitrovic,
1999 ; Xi and Stein, 2002) and these neurotransmitter
systems have been shown to be critically involved in
the processing of PPI in these regions (for review see
Swerdlow et al., 2001).
Moreover, evidence from behavioural and in-vitro
electrophysiological studies suggests that m-opioid re-
ceptors interact with 5-HT2A receptors in the medial
prefrontal cortex (MPFC) (Domino, 1986 ; Marek, 2003 ;
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Figure 2. Error rates across the nine stages of the Intra/Extradimensional Attentional Set-Shifting task (ID/ED) of the Cambridge
Neuropsychological Test Automated Battery (CANTAB) (means and standard error of means). Morphine decreases the error
rate in the ﬁrst stage Simple discrimination and in the sixth stage Intradimensional shift (LSD post-hoc tests : * p<0.05,
*** p<0.001). –m–, Placebo; - -r- -, morphine.
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Marek and Aghajanian, 1998a,b ; Marek et al., 2001),
and serotonergic activity in the cortex (and in the VP)
has been demonstrated to be an important substrate of
PPI modulation in rats (Geyer et al., 2001 ; Sipes and
Geyer, 1997 ; Swerdlow et al., 2001). With regard to the
present ﬁndings it should be noted that especially low
doses of m-opioid receptor agonists antagonized be-
havioural eﬀects of hallucinogens mainly acting on
5-HT2A receptors, whereas larger doses rather enhance
these eﬀects (Domino, 1986). In addition, it has been
shown that even subthreshold doses of morphine can
strongly modulate other dopaminergic, GABAergic or
glutamatergic neurotransmissions in the VTA, VP and
NAc (Napier andMitrovic, 1999). Thus, larger doses of
morphine may lose the ability to increase PPI, which
would explain the ﬁnding that high doses of morphine
did not change PPI in rats (Leitner, 1989 ; Ouagazzal
et al., 2001).
Given the facts that activation of nicotinic acetyl-
choline receptors can increase PPI (Kumari et al., 1997;
Postma et al., 2006) and that m-opioid receptor acti-
vation can also modulate acetylcholine release in the
NAc (McGehee, 2006), it is also conceivable that nico-
tinic–opioid receptor interactions may contribute to
the PPI increase under morphine.
Finally, it is an interesting conjunction that the
k-opioid receptor agonist U50488 disrupts PPI
(Bortolato et al., 2005) whereas we found a PPI-
enhancing eﬀect following m-opioid receptor acti-
vation. These ﬁndings are in accordance with the
hypothesis that activation of k-opioid receptors anta-
gonize various m-opioid receptor-mediated actions in
the brain (Pan, 1998).
It should be noted that previous animal studies
investigating the eﬀects of morphine on PPI mostly
applied only a single ISI of 100 ms and that we found
the strongest eﬀects at lead intervals of 60 ms and
240 ms. Furthermore, the sample sizes of these animal
studies were generally smaller (n=8–12) than in our
investigation (Leitner, 1989 ; Ouagazzal et al., 2001;
Swerdlow et al., 1991). Therefore, diﬀerences in ISI,
sample size, and morphine dose (see above) or un-
known species-speciﬁc mechanisms might account for
the fact that previous animal studies did not detect a
signiﬁcant increase of PPI under morphine.
In conclusion, the PPI-enhancing eﬀect of morphine
might be mediated by interactions between m-opioid
receptors and glutamatergic, GABAergic or nicotinic
innervations of the VP or VTA or by interactions
with the 5-HT system within the MPFC or
VP. However, animal studies are needed to explore
these supposed neurotransmitter interactions in more
detail.
Given that PPI-enhancing eﬀects are seen as an in-
dicator of antipsychotic activity (Swerdlow and Geyer,
1998) the present ﬁndings raise the question of
whether morphine could have antipsychotic proper-
ties. Interestingly, morphine is to be regarded as the
ﬁrst speciﬁc antipsychotic in the history of psycho-
pharmacology. It was widely used for the treatment of
aﬀective and psychotic disorders until it fell into dis-
favor by the beginning of the 19th century because of
its addictive potential (Comfort, 1977). An observation
by Comfort (1977) could also point toward anti-
psychotic activity : ‘a clinical impression remains,
unsupported by any good ﬁgures, that among addicts
there are some who would have become psychotic if
not addicted, and who use morphinoids (heroin in
particular) to hold at bay intolerable prepsychotic
sensations, and that these are sharply exacerbated
by withdrawal’ (p. 448). In the 1970s a possible in-
volvement of endogenous opioids in the pathogenesis
of schizophrenia was proposed (Bloom et al., 1976;
Jacquet and Marks, 1976 ; Terenius et al., 1976), but
ensuing clinical studies with opioid agonists and
antagonists did not reveal marked clinical eﬀective-
ness of these substances in schizophrenia patients (for
review see Schmauss and Emrich, 1985). However,
from the current perspective these studies suﬀered
from small sample sizes, short observation periods
and lack of placebo control. Taken together, our ﬁnd-
ings suggest that the m-opioid receptor might be an
interesting drug target for the treatment of schizo-
phrenia.
With regard to the self-medication hypothesis of
addictive disorders (Khantzian, 1985) our ﬁndings
raise a further question : Do opioid addicts have PPI
deﬁcits? Surprisingly, there are no PPI data of opioid
addicts available so far and it would be of great inter-
est to learn whether PPI is decreased in these patients
and what happens with PPI during withdrawal and
when opioids are administered.
The data further show that morphine reduces
the pre-ED error rate in the ID/ED task, especially
in the stages Simple discrimination (SDI) and Intra-
dimensional shift (ID). The error rate during the
extradimensional shift (ED) was not signiﬁcantly im-
proved, albeit also decreased, while reversal learning
was unaﬀected by morphine. Whereas the SDI stage
requires only visual discrimination learning, in the ID
stage subjects have to learn the transfer of a rule within
the same perceptual dimension (e.g. shape). By con-
trast, the ED stage requires the shift to a new –
previously irrelevant – perceptual dimension (e.g.
colour) while the previously attended feature must be
disregarded (Owen et al., 1991). It has been consistently
10 B. B. Quednow et al.
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reported that schizophrenia patients display deﬁcits in
the ID and ED stages of the ID/ED task (Elliott et al.,
1995 ; Hutton et al., 1998; Jazbec et al., 2007 ; Pantelis
et al., 1999). These previous studies primarily in-
vestigated the attrition rate and the trials to reach
criterion as dependent variables and these parameters
were not signiﬁcantly aﬀected by morphine in the
present study (data not shown). However, it has been
shown that schizophrenia patients committed more
errors especially in the SDI and ID stages rather than
in the ED stage (Pantelis et al., 1999) and errors in the
ID stage were associated with disorganized symptom
characteristics of schizophrenia (Pantelis et al., 2004).
Moreover, abstinent heroin abusers also showed sig-
niﬁcant impairment of performance at the ID but not
at the ED stage (Ornstein et al., 2000). Lesion studies
and studies with patients suﬀering from Parkinson’s
or Huntington’s disease suggest that the prefrontal
cortex and the basal ganglia are involved in perform-
ing ED shifts (Dias et al., 1996 ; Downes et al., 1989 ;
Lawrence et al., 1996 ; Owen et al., 1991, 1992). The
ability to reverse stimulus-reward connections within
a perceptual dimension (reversal learning), on the
other hand, is more associated with the orbitofrontal
cortex (Dias et al., 1996).
The involvement of the opioid system in attentional
set-shifting is scarcely investigated. A recent study
reported that the mixed m-, d-, and k-opioid receptor
antagonist naltrexone attenuated the impairment in
ED shifts in aged rats (Rodefer and Nguyen, 2006) but
studies in humans are lacking. Nevertheless, our
ﬁnding is in line with previous studies showing mor-
phine-induced improvement of neuropsychological
performance in tests supposedly involving similar at-
tentional processes like visual discrimination learning
such as choice reaction-time tasks (Hanks et al., 1995 ;
O’Neill et al., 2000) and perceptual and semantic
evaluation tasks (Evans and Smith, 1964). The idea
that morphine could improve cognition is not new.
Based on self-experiments examining the eﬀect of
morphine on choice reaction tasks, Kraepelin (1892)
already concluded that morphine: ‘ immediately facili-
tates the perception of external stimuli, … whereas
the implementation of choice is aggravated in the
same time’ [‘… (Morphin) erleichtert … sofort die
Auﬀassung a¨usserer Eindru¨cke, … , wa¨hrend die
Ausfu¨hrung des Wahlactes in ganz a¨hnlichem Tempo
erschwert wird’] (p. 255).
A further important result is that the morphine-
induced increase in PPI was correlated with the de-
crease of the error rate within the SDI stage of the
ID/ED task. The SDI stage measures alertness rather
than rule acquisition like later stages of the task
(Jazbec et al., 2007). This correlation is in accordance
with our previous observation that psilocybin-
induced deﬁcits of sustained attention deﬁcits were
associated with PPI reduction at short ISI intervals
(Vollenweider et al., 2007). These ﬁndings support the
hypothesis that deﬁcits in sensorimotor gating may
underlie the more complex attentional and cognitive
abnormalities in schizophrenia (Braﬀ et al., 2001).
Since we have shown that morphine enhances PPI and
attentional set-shifting – processes that are both im-
paired in schizophrenia – the m-opioid receptor might
be a promising target for the development of speciﬁc
cognitive enhancers for schizophrenia patients. Fur-
thermore, abstinent opiate addicts also show worse
performance at the ID stage and morphine speciﬁcally
improves this kind of visual discrimination learning
that might support the self-medication hypothesis
of opiate addiction (Khantzian, 1985). It would be of
interest if opiate addicts receiving heroin substitution
would show improved ID performance compared to
abstinent subjects.
In conclusion our ﬁndings imply that the m-opioid
system is involved in the modulation of PPI and at-
tentional set-shifting. These results raise the question
of whether the opioid system plays a crucial role also
in the regulation of PPI and attentional set-shifting in
schizophrenia in which both functions were shown as
deﬁcient. Future preclinical studies should evaluate if
m-opioid receptors might be a potential drug target for
new antipsychotic agents or cognitive enhancers for
schizophrenia patients. Moreover, animal studies are
needed to enlighten the anatomical structures and
neurochemical mechanisms underlying the morphine-
induced increase of PPI and attentional set-shifting in
our healthy human volunteers.
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mpaired Sensorimotor Gating of the Acoustic Startle
esponse in the Prodrome of Schizophrenia
oris B. Quednow, Ingo Frommann, Julia Berning, Kai-Uwe Kühn, Wolfgang Maier, and Michael Wagner
ackground: Schizophrenia patients exhibit impairment in prepulse inhibition (PPI) of the acoustic startle response (ASR), which is
ommonly interpreted as a sensorimotor gating deficit. To date, it is unclear when these gating deficits arise. Results of animal studies and
ome human data suggest that PPI deficits are in part genetically determined, such that gating deficits could be present before the onset of
full-blown psychosis. To test this assumption, we investigated PPI of ASR in individuals with prodromal symptoms of schizophrenia and
atients with first-episode schizophrenia.
ethods: Startle reactivity, habituation, and PPI of ASR, as well as a neuropsychological test battery, were assessed in 54 subjects with
rodromal symptoms of schizophrenia (35 early and 19 late prodromal subjects), 31 first-episode schizophrenia patients (14 unmedicated,
7medicated), and 28 healthy control subjects. Patients were also examinedwith the Positive andNegative Syndrome Scale and the Global
ssessment of Functioning Scale.
esults: Prodromal subjects and unmedicated patients with first-episode schizophrenia showed significant PPI deficits, whereas schizo-
hrenia patients treated with risperidone had almost normal PPI. Startle reactivity decreased with greater severity of symptoms (control
ubjects, early prodromal group late prodromal group unmedicated first-episode patients) but was almost normal in the medicated
atients. With respect to habituation, prodromal subjects and schizophrenia patients did not differ from healthy control subjects.
onclusions: PPI disruption is already present in a prodromal state of schizophrenia, but startle reactivity deficits seem to emergewith the
nset of acute psychosis.ey Words: Acoustic startle response, endophenotype, habitua-
ion, high-risk subjects, PPI, prepulse inhibition, prodrome,
chizophrenia
ince the publication of Kraepelin’s (1) and Bleuler’s (2)
findings, attentional and information processing deficits are
considered to constitute core symptoms of schizophrenia
nd schizophrenia spectrum disorders and impairments in the
rocessing of preattentive inhibitory stimuli—also referred to as
ensorimotor gating—appear to play a crucial role in the patho-
enesis of schizophrenia (3–7).
Prepulse inhibition (PPI) of the acoustic startle response
ASR) has been firmly established as an operational measure of
ensorimotor gating (8). PPI is defined as a substantial reduction
f the amplitude of the startle reflex that occurs when a
istinctive nonstartling stimulus is presented 30–500 msec before
he startling stimulus (9). It was proposed that the mechanism
nderlying PPI regulates sensory input by filtering out irrelevant
r distracting stimuli to prevent sensory information overflow
nd to allow for selective and efficient processing of relevant
nformation (10).
Diminished PPI has been consistently demonstrated in pa-
ients with schizophrenia (8,11–15) and schizotypal personality
isorder (11,16). The PPI deficit in schizophrenia is supposed to
eflect a central abnormality underlying the disease; both neuro-
natomic and neurochemical factors have been implicated on the
asis of animal studies, which suggest contributions of diverse
eurotransmitter systems, and particular functional association
rom the Department of Psychiatry (BBQ, IF, JB, K-UK, WM, MW), University
of Bonn, Germany; University Hospital of Psychiatry (BBQ), University of
Zurich, Switzerland.
ddress reprint requests to Boris B. Quednow, Dipl-Psych, Ph.D., University
Hospital of Psychiatry, University of Zurich, Lenggstrasse 31, CH-8032
Zurich, Switzerland; E-mail: quednow@bli.uzh.ch.eceived February 13, 2008; revised April 10, 2008; accepted April 17, 2008.
006-3223/08/$34.00
oi:10.1016/j.biopsych.2008.04.019with multiple loci in the cortico-striato-pallido-thalamic (CSPT)
circuitry (17,18).
To date, it is unclear whether these gating deficits arise with or
after the onset of an acute psychosis or whether they deficits exist
before onset of schizophrenia. However, the expression of PPI
seems subject to strong genetic influences, as evidenced by the
presence of significant differences in PPI between inbred strains
of rodents (19–21). It has been recently estimated that the
heritability of PPI in schizophrenia patients and their families is
about 32%, whereas another study reported a heritability of 50%
within a healthy twin sample (22,23). Furthermore, sibling pairs
(one with and one without schizophrenia) show a relatively high
correlation in PPI (r  .66) (11). Recently, quantitative trait loci
for PPI have been identified in rodents (24–26), and studies in
humans suggest that mutations of the neuregulin-1, dopa-
mine-D3 receptor, and serotonin-2A receptor gene affects PPI
(27–29). Two studies have shown that unaffected first-degree
relatives of schizophrenia patients also display PPI deficits,
supporting the view that genetic influences also mediate PPI
deficits in schizophrenia (11,30). In sum, these genetic findings
suggest that PPI deficits could occur before the onset of schizo-
phrenia, and thus PPI deficits may serve as simple indicator for
the vulnerability for schizophrenia.
To test this hypothesis, we investigated PPI, startle reactivity,
and habituation of ASR in subjects in a prodromal state likely to
proceed to schizophrenia. The study was conducted within the
frame of the German Research Network on Schizophrenia
(GRNS) (31). Given that early and late stages of developing
psychosis could be distinguished (31–33), we examined prodro-
mal subjects thought to be either in an early or a late prodromal
state of schizophrenia. Whereas the early prodromal stage pre-
sents self-experienced cognitive and perceptual alterations (basic
symptoms) shown as predictive for later psychosis (34), the late
prodromal stage is additionally characterized by attenuated or
transient psychotic symptoms (31). Moreover, we studied un-
medicated and medicated first-episode patients, because antipsy-
BIOL PSYCHIATRY 2008;xx:xxx
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ARTICLE  IN  PRESShotic treatment, especially with atypical agents, can improve
PI (12,15,35–39). Thus we measured PPI in five groups: early
rodromal subjects (EP), late prodromal subjects (LP), unmedi-
ated first-episode schizophrenia patients (US), medicated first-
pisode schizophrenia patients (MS), and healthy control sub-
ects (HC). We assumed that the same etiologic risk factors would
nderlie prodromal states and schizophrenia and therefore hy-
othesized that PPI disruption would already be present in
roups of prodromal subjects. On the basis of previous findings,
e also expected that PPI impairments would be less marked in
S than in US.
ethods andMaterials
articipants
Subjects with symptoms suggestive of either early or late
rodromal stages were recruited as described previously (31). In
rief, subjects were screened by general practitioners, counseling
ervices or secondary health care providers using the 17-item
arly Recognition Inventory/Interview for the Retrospective As-
essment of the Onset of Schizophrenia (ERIraos) checklist (31).
ersons scoring six points or higher were referred to the Early
ecognition and Intervention Center at the Department of Psy-
hiatry, University of Bonn, for detailed assessment with the
10-item ERIraos symptom list (31).
The criteria for the early prodromal state were based on either
) the presence of basic symptoms that were shown as highly
redictive for psychosis (34) or 2) the presence of a first-degree
elative with a psychotic disorder in conjunction with a reduction
f the Global Assessment of Function (GAF). In contrast, subjects
ith attenuated positive symptoms (APS) or brief limited inter-
ittent psychotic symptoms (BLIPS) were considered to be in a
ate prodromal stage, which is in line with conventional criteria
sed in other clinical high-risk studies (40).
Prodromal subjects and schizophrenia patients were not
ncluded if they had a diagnosis of a developmental disorder, an
rganic psychiatric disorder, or a history of a neurologic disorder,
ementia, or alcohol and drug abuse within the 3 months before
he study. On the basis of these criteria, we included 39 subjects
n an early prodromal stage (EP) and 23 subjects at a late
rodromal stage (LP). Two EP and two LP received treatment
ith atypical antipsychotics. One EP and six LP were treated with
ntidepressants.
The group of schizophrenia inpatients included 18 unmedi-
ated patients (US) and 17 medicated patients (MS), both with a
irst exacerbation of schizophrenia according to DSM-IV criteria.
he medicated schizophrenia patients had been randomly and
ouble-blindly assigned to either haloperidol (mean dose  SD:
.6  1.6 mg, range: 3–8 mg) or risperidone (4.5  2.4 mg,
ange: 2–10 mg) maintenance treatment, as part of a separate
linical trial, results of which are published elsewhere (41). The
S had never been systematically treated with antipsychotics,
nd none of them had taken an antidepressant for at least four
eeks. Two MS were also treated with antidepressants. Benzo-
iazepine treatment was discontinued 24 hours before ASR
ssessment.
Finally, 32 healthy control subjects were matched with respect
o age, sex, and education to the prodromal subjects. These
olunteers were recruited by advertising in local newspapers or
ord of mouth, or they were actively contacted by the investi-
ators based on their listing as community residents. None had
ast or present psychiatric, neurologic, or somatic disorder, and
egate use of psychotropic medication or illicit drug use. More-
ww.sobp.org/journal
138over, none of the control subjects reported a family history of
psychiatric disorders.
This study was approved by the Ethics Committee of the
Medical Faculty of the University of Bonn. After receiving a
written and oral description of the aim of this study, all partici-
pants gave written informed consent statements before inclusion.
Clinical Assessment
To ensure eligibility for the study, every participant was
evaluated by a Structured Clinical Interview (SCID-I) according
to DSM-IV. Clinical symptoms were measured with the Positive
and Negative Syndrome Scale (PANSS) (42). Psychosocial func-
tioning was assessed using the GAF (43). For the estimation of
verbal IQ, the Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B)
was used (44).
Startle ResponseMeasurement
After the clinical examination, a neuropsychological test
battery was administered first (these results will be published
elsewhere), followed by the ASR assessment. Before each ASR
assessment, all participants underwent a brief hearing test. The
PPI paradigm was based on the study of Braff et al. (8) and has
been described in detail in our previous work (15,45). In brief,
subjects received 73 sound pulses with a power of 116 dB along
with 70-dB background white noise. In 36 of the trials, the pulse
was preceded by an 86-dB prepulse with an interstimulus
interval (ISI) of 120 ms. The eye-blink component of the ASR was
measured using an electromyographic startle system (San Diego
Instruments, San Diego, California). To ensure that PPI was not
influenced by smoking withdrawal, smoking ad libitum was
permitted before testing (46). Error trials were defined as trials in
which no startle response was recorded because of a baseline
shift normally due to spontaneous or voluntary blinks (8,45).
Four healthy subjects (12.5%), eight prodromal subjects (12.9%),
and four schizophrenia patients (11.4%) with error trials greater
than 50% were excluded from data analysis.
Statistical Analysis
The mean percent PPI of startle amplitude was calculated
using the formula: %PPI  100(magnitude on pulse alone (PA)
trials – magnitude on prepulse (PP) trials)/magnitude on PA trials
(8). The PA trials were divided into six blocks, each comprising
six trials. Startle reactivity was assessed by calculating the mean
amplitude of the first block of PA trials. To assess habituation, the
linear gradient coefficient b was calculated across the six blocks
of PA by the following formula: b  (nxy – (x)(y))/(nx2 – (x)2),
where x  block number and y  startle amplitude of PA trials
per block (47). All data were analyzed using SPSS 12.0 for
Windows. Because all dependent variables were normally dis-
tributed, the demographic, clinical and startle data were analyzed
by analysis of variance. Given that sex, smoking, and age could
have an impact on startle parameters (46,48–50), these demo-
graphic variables were introduced as covariates in analyses of
covariance (ANCOVA). Based on significant main effects, Least
Significant Difference (LSD) post hoc comparisons were per-
formed. Demographic frequency data were analyzed using Chi-
Square tests. Interrelationships between startle measurements
and clinical or demographic data were tested using Pearson’s
Product-Moment correlation. The confirmatory statistical com-
parisons were carried out at a significance level set at p  .05
(two-tailed). Within the correlation analyses, the significance
level was set at p  .01 (two-tailed) to avoid accumulation of
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ARTICLE  IN  PRESSlpha error. Finally, effect sizes were calculated with G*POWER
(51).
esults
emographic and Clinical Data
Demographic data and clinical data are shown in Table 1.
ultiple and single comparisons with Chi-Square tests revealed
o significant differences with respect to sex and smoking, and
nalysis of variance (ANOVA) showed no significant differences
ith respect to years of education or verbal IQ between the
roups. However, an ANOVA revealed a significant group effect
or age (p  .01). LSD post hoc tests showed that both EP and LP
ere younger than US (p  .05) and MS (p  .01). However, the
ean age of HC did not differ from the other groups.
Although it was previously reported that age has an effect on
tartle magnitude and habituation but not on PPI (49), we could
ot demonstrate any significant correlation between age and
tartle parameters within the total sample. Within subgroups, we
ound only a trend for correlations between PPI, startle reactivity
nd age in MS (r  –.55, p  .02; r  –.54, p  .02) indicating
ower PPI and startle reactivity in older patients. However, we
ntroduced age as a covariate in the analysis of startle data.
Analyses of the PANSS scores revealed significant group
ffects for all PANSS scores (p  .001). The LSD post hoc tests
evealed that EP had significantly lower positive (p  .01; p 
001), negative (p  .001), global (p  .05; p  .001), and total
ymptoms (p  .01; p  .001) than LP and US, whereas LP had
ignificantly lower values in all of these scores than did US (p 
001). Compared with the US group, the MS group showed
ignificantly improved positive (p  .001), negative (p  .01),
lobal (p  .001), and total symptoms (p  .001). Furthermore,
P and LP showed significantly lower negative symptoms than
id MS (p  .001; p  .05). The EP subjects showed also a
ignificantly lower total score than did MS (p  .01).
Analysis of the GAF scores revealed also a significant group
able 1. Demographic and Clinical Characteristics of Prodromal Subjects, F
Prodromal Subjects
HC EP LP
28 35 19
ge 30.5 (10.6) 27.1 (6.6) 26.2 (8.3)
en (%) 57.1 65.7 63.2
ducation (years) 14.3 (2.5) 15.6 (3.0) 14.7 (3.2)
stimated Verbal IQ 105.7 (11.8) 105.3 (14.1) 102.6 (14.1
moker (%) 35.7 32.3 44.4
ANSS Positive — 8.8 (2.0) 12.8 (4.3)
ANSS Negative — 9.8 (3.3) 15.1 (3.1)
ANSS General — 27.5 (6.6) 32.3 (5.7)
ANSS Total — 46.1 (8.4) 60.1 (11.2
AF Score — 57.0 (9.4) 60.2 (13.6
Significant p values are shown in bold. Means and standard deviation o
EP, early prodrome; GAF, Global Assessment of Function; HC, healthy co
ositive and Negative Syndrome Scale; US, unmedicated schizophrenia pat
aLSD post hoc tests: MS EP, LP: p .01; US EP, LP: p .05.
bLSD post hoc tests: US EP, LP, MS: p .001; LP EP: p .01.
cLSD post hoc tests: EP LP, MS, US: p .001; LP US: p .001; LPM
dLSD post hoc tests: US EP, LP, MS: p .001; LP EP: p .05.
eLSD post hoc tests: US EP, LP, MS: p .001; EP LP, MS: p .01.
fLSD post hoc tests: US EP, LP, MS: p .001; EPMS: p .01.ffect (p  .001). The US group had significantly worse psycho-social functioning than did EP, LP, and MS (p .001). Finally, MS
exhibited a significantly better GAF score than did EP (p  .01).
PPI
An ANCOVA (with age, sex, and smoking as covariates) re-
vealed a significant group-effect with respect to %PPI [F(4,105) 
4.1, p  .01]. The LSD post hoc tests showed that EP (p  .01,
d  .74), LP (p  .01, d  .92), and US (p  .05, d  .69) had a
decreased PPI as compared to HC, whereas MS did not differ
from HC (p  .21, d  .38; see Figure 1). The effects of age,
smoking, and sex were not significant. Using a conservative
clinical cut-off score, 26% of the EP, 37% of the LP, 36% of the US,
and 18% of the MS had a PPI value lower than two standard
deviations (SD) from the mean of the HC. When a one SD
pisode Schizophrenic Patients and Healthy Control Subjects
First-Episode Schizophrenia
Patients
F/2 df/dferr pUS MS
14 17
33.8 (8.5) 35.5 (12.4) 3.81 4/108 <.01a
57.1 70.6 1.15 4 .89
14.8 (2.7) 13.8 (2.9) 1.33 4/108 .26
105.2 (11.3) 110.5 (17.7) 1.10 4/108 .36
53.8 36.4 2.18 4 .70
22.6 (7.9) 10.6 (3.7) 33.5 3/79 <.001b
24.4 (7.9) 18.9 (6.5) 29.4 3/79 <.001c
46.1 (11.7) 28.6 (8.7) 18.8 3/79 <.001d
93.1 (24.8) 58.2 (17.0) 32.1 3/79 <.001e
34.9 (12.2) 66.2 (10.7) 13.2 3/79 <.001f
ns in parentheses; sex and smoking in frequency data.
subjects; LP, late prodrome; MS, medicated schizophrenia patients; PANSS,
.05; MS US: p .01.
Figure 1. Prepulse inhibition (PPI) of acoustic startle response of early pro-
dromal subjects (EP), late prodromal subjects (LP), unmedicated first-epi-
sode schizophrenia patients (US), medicated first-episode schizophrenia
patients (MS), and healthy control subjects (HC) (means and standard error
of means). Prodromal subjects and unmedicated schizophrenia patients
display a PPI deficit, whereas medicated schizophrenia patients showed
improved PPI (Least Significant Difference post hoc tests [corrected for age,irst-E
)
)
)
f mea
ntrol
ients.
S: psex, and smoking]: comparisons vs. HC: *p .05, **p .01).
www.sobp.org/journal
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ARTICLE  IN  PRESShreshold is applied, 49% of the EP, 53% of LP, 50% of the US, and
0% of the MS did show abnormal PPI.
tartle Reactivity and Habituation
An ANCOVA of the mean amplitude of pulse-alone trials (with
ge, sex, and smoking as covariates) showed that the groups
ignificantly differed with respect to startle reactivity [F (4,105) 
.5, p  .05]. The LSD post hoc tests revealed a decreased startle
mplitude in US compared to HC (p  .05, d  .60). Moreover,
S (p  .01, d  .92) and LP (p  .05, d  .61) showed a
ignificant lower startle reactivity than did EP (see Figure 2). The
ffects of age, smoking, and sex did not reach significance level.
An ANCOVA (with age, sex, and smoking as covariates) of the
inear gradient coefficient b did not show a significant group
ffect with respect to habituation [F (4,105)  1.8, p  .13; see
igure 3]. The effects of the covariates were also not significant.
igure 2. Startle reactivity (mean amplitude of the first block of 116-dB
ulse-alone trials) of early prodromal subjects (EP), late prodromal subjects
LP), unmedicated first-episode schizophrenia patients (US), medicated
rst-episode schizophrenia patients (MS), and healthy control subjects (HC)
means and standard error of means). Only unmedicated schizophrenia
atients revealed significantly diminished startle reactivity. However, startle
eactivity decreaseswith presumed increase of proximity to the onset of the
llnesswithinprodromal subjects (Least SignificantDifferencepost hoc tests
corrected for age, sex, and smoking]: comparisons vs. HC: *p .05; compar-
sons vs. EP: #p .05, ##p .01).
igure 3. Habituation of acoustic startle response (linear gradient coeffi-
ient b across six blocks of pulse alone trials) of early prodromal subjects
EP), late prodromal subjects (LP), unmedicated first-episode schizophrenia
atients (US), medicated first-episode schizophrenia patients (MS), and
ealthy control subjects (HC) (means and standard error of means). Al-
hough US displayed lowered habituation, the groups did not significantly
iffer with respect to habituation.
ww.sobp.org/journal
140Exploratory Analyses
An analysis of the ERIraos checklist at item level revealed that
%PPI was significantly decreased in prodromal subjects reporting
a history of perinatal complications [yes: 20.8%; F (1,52)  6.9,
p  .01, d  .85] or in prodromal subjects showing thought
blocking [49%; F (1,52)  4.8, p  .05, d  .58], delusion of
jealousy [5.7%; F (1,52)  12.0, p  .001, d  1.87], auditory
hallucinations [5.7%; F (1,52)  11.0, p  .01, d  1.80], olfactory
and gustatory hallucinations [5.7%; F (1,52)  4.3, p  .05, d 
1.20], and somatic and tactile hallucinations [7.5%; F (1,52)  4.5,
p  .05, d  1.07] compared with prodromal subjects without
those symptoms.
Previous studies reported different effects of typical and
atypical antipsychotics on PPI (12,35–39). We therefore analyzed
possible differences between the schizophrenia patients ran-
domly treated with either haloperidol or risperidone (see Figure
4). In an ANOVA with the HC, the haloperidol-treated MS, and
the risperidone-treated MS, there was a main group effect on
%PPI [F (2,42)  3.1, p  .05]. Haloperidol-treated MS had a
significant lower %as compared with HC [p  .05, d  .89].
Additionally, there was a trend for a lower %PPI of the haloper-
idol-treated MS compared with the risperidone-treated schizo-
phrenia patients (p  .07, d  .86), whereas risperidone-treated
subjects did not differ from HC (p .93, d .04). There were no
significant differences with respect to startle reactivity and habit-
uation between haloperidol- and risperidone-treated MS.
During the follow-up observation period of 12 months, eight
prodromal subjects (14.8%) transited into full-blown psychosis
(three EP, five LP). Within the same period, two EP (5.7%)
transited into the LP state. With respect to PPI, transited prodro-
mal subjects (mean %PPI: 36.0, SEM:  7.7) did not differ from
nontransited prodromal subjects (35.6  4.8). Both groups also
did not differ with respect to startle reactivity and habituation.
Correlations Between Startle Measurement and Clinical Data
%PPI, startle reactivity, and habituation did not significantly
Figure 4. Prepulse inhibition (PPI) of first-episode patients with schizophre-
niawhowere randomly assigned to receivehaloperidol (HAL) or risperidone
(RISP) and healthy control subjects (HC) (means and standard error of
means). Haloperidol-treated patients still had a PPI deficit, whereas patients
treated with risperidone showed normal levels of PPI compared with HC
(Least Significant Difference post hoc tests: comparisons vs. HC: *p  .05;
comparisons vs. RISP: †p .07).correlate with verbal IQ, years of education, smoking, sex, or
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ARTICLE  IN  PRESSsychopathologic scales in the total sample and also not within
he subgroups (HC, EP, LP, US, MS).
iscussion
This study is the first to investigate PPI, habituation, and
tartle reactivity of the ASR in individuals fulfilling research
iagnostic criteria of a psychotic prodrome. The major finding is
hat prodromal subjects had a significant PPI deficit. This was
rue for both early and late prodromal subgroups. As expected,
e could also demonstrate reduced PPI in unmedicated first-
pisode schizophrenia patients, whereas medicated schizophre-
ia patients did not differ from control subjects. Further analysis
evealed that the risperidone-treated patients had almost normal
PI, whereas the haloperidol-treated patients had a considerable
ttenuation of PPI.
These results strongly suggest that PPI deficits are present
ell before the onset of full-blown psychosis and that they are
table vulnerability markers rather than state-dependent symp-
oms of schizophrenia. At first glance, it may be somewhat
urprising that the PPI deficit of prodromal subjects was compa-
able to that seen in unmedicated patients with first-episode
chizophrenia because there are certainly some “false positives”
ithin the prodromal group who will never proceed to psycho-
is. This could be explained by two reasons: first, approximately
5% of the prodromal subjects went on to develop psychosis
uring the brief 12-month follow-up interval but, PPI scores of
rodromal subjects subsequently transiting to psychosis did not
iffer from nontransited prodromal subjects. However, the ex-
ected long-term conversion rate of our prodromal subjects is
uch higher. Klosterkötter et al. (34) have shown that 70% of the
rodromal subjects, which were selected by similar criteria as the
arly prodromal subjects in the present study, transited to
sychosis within 10 years. Long-term observations of ultra-high
isk/late prodromal subjects are not available so far, but the
orth American Prodrome Longitudinal Study (NAPLS) recently
eported a transition rate of 35% within 2.5 years (32). It is
herefore premature to draw firm conclusions about the predic-
ive validity of PPI because our follow-up period was too brief to
etect all “true” prodromal subjects. Second, both the putative
rodromal state and schizophrenia are characterized by informa-
ion processing deficits, and these deficits may be reflected by
PI reductions irrespective of later transition. The fact that PPI is
arkedly reduced in schizotypal personality disorder suggests
hat PPI is more related to symptoms of the schizophrenia
pectrum in general rather than exclusively to full-blown psy-
hosis (11,16). Thus we propose that PPI deficits capture an
spect of the traitlike vulnerability for psychosis, and this vulner-
bility can be inferred from family history, schizotypal symptoms,
r prodromal symptoms alike.
Our data also validate the psychopathologic approach for
dentifying high-risk subjects, given that a considerable propor-
ion of the prodromal subjects with impaired PPI progressed to
sychosis. The fact that high-risk subjects with an early pro-
rome also have a PPI deficits supports the inclusion of basic
ymptoms in recent European early detection studies (31,52).
For late prodromal subjects, a growing body of literature
uggests that structural and functional brain alterations precede
he onset of psychosis (53–55). Our finding of reduced PPI in late
rodromal subjects is consistent with structural MRI findings of
educed gray matter volume in ultra-high-risk subjects for psy-
hosis in several brain regions also implicated in PPI, that is,
ippocampus, basal ganglia, inferior frontal gyrus and superiortemporal gyrus (56,57). Moreover, our data imply that early
prodromal subjects already suffer from perturbation in the cor-
tico-striato-pallido-thalamic (CSPT) circuitry, which has been
shown as responsible for processing PPI (17,58). In contrast,
mediotemporal structural changes only became evident after the
onset of a psychotic illness, which furthermore gave rise to the
hypothesis that CSPT-changes occur before the onset of discern-
ible mediotemporal lobe structural alterations (59).
In exploratory analyses, we found that PPI was particularly
reduced in prodromal subjects reporting the negative symptom
thought blocking or transient positive symptoms (BLIPS), espe-
cially delusion of jealousy or diverse types of hallucinations. This
is in line with previous studies reporting that PPI deficits in
schizophrenia are correlated with thought disorder (60–62) or
with global scales of positive symptoms (63–65). The frequently
replicated association of PPI with psychopathologic symptoms of
psychosis is consistent with the hypothesis that the impaired
sensorimotor gating processes contribute to these symptoms
(66). Interestingly, we also found that PPI was especially reduced
in the prodromal subjects with suspected perinatal complica-
tions. This is in agreement with the finding that early develop-
mental insults can contribute to the diathesis for schizophrenia
(67). In addition, neurodevelopmental animal models of schizo-
phrenia have shown that neonatal lesions of the hippocampus
cause PPI disruption (68,69).
Although sample sizes were small, our finding that only
haloperidol-treated schizophrenia patients, but not risperidone-
treated patients, showed a PPI deficit is in agreement with results
of some earlier clinical studies (39,57). With respect to the
underlying mechanisms, Kumari et al. (57) concluded from their
functional magnetic resonance imaging investigation that atypi-
cal substances maybe more effective in restoring activity in
PPI-relevant regions than typical antipsychotics (57). Neverthe-
less, whether antipsychotic agents could reverse PPI deficits in
schizophrenia is still subject of debate (35).
Our data illustrate a seeming discrepancy of two sets of PPI
findings related to schizophrenia. First, the PPI deficit appears to
be a stable trait marker, likely genetically influenced, and ob-
served in high-risk populations such as family members or
prodromal subjects. Second, PPI is a sensitive state marker of
drug treatment in preclinical animal experiments and in several
patient studies (as also shown here). This discrepancy is resolved
when considering PPI to reflect the functional state of a basal
sensorimotor gating system that may not be optimally “tuned”
because of genetic or developmental reasons in schizophrenia.
However, the function of this system can be normalized by
(atypical) antipsychotics. Hence PPI can be studied as an endo-
phenotype to identify and characterize schizophrenia genes but
can also be investigated as a (state) biomarker of drug response.
In contrast to PPI, reduced startle reactivity seems to be an
episodic indicator of psychosis, because we found that startle
reactivity decreased progressively with increasing severity of
symptoms on an axis proceeding from early prodrome, through
late prodrome, to full-blown psychosis. This finding is in line
with our previous report that startle reactivity is significantly
decreased in schizophrenia patients (15). Startle reactivity was
improved by treatment with typical and atypical antipsychotics,
in agreement with our previous report (15). Because there was
no statistical significance between the haloperidol and risperi-
done group, this further indicates that different mechanisms
underlie PPI and startle reactivity. Consistent with several previ-
ous findings, we did not find a significant habituation deficit in
schizophrenia patients (8,11,12,39). Some of the discrepant
www.sobp.org/journal
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ARTICLE  IN  PRESSeports regarding habituation deficits in schizophrenia might be
ue to subtle deficits in startle reactivity (13,47,60), which we
ound to be strongly correlated with habituation in this sample
r  –.59, p  .0001) and in an earlier report from our labora-
ory (15).
This study has some limitations. First, we have not assessed
rine toxicology screenings in our participants. However, we
onsider it unlikely that undetected illegal substance use has
nfluenced the results. Prodromal subjects turned to our hospital
ecause they suffered from symptoms. Those reporting sub-
tance abuse were not included in the study but still received
roper treatment, and thus prodromal subjects had no reason for
eception. Second, in contrast to some previous studies (48,70),
e did not detect an effect of smoking on PPI in our sample
ossibly for two reasons: 1) smoking withdrawal can decrease
PI (46,71), but our subjects were allowed to smoke ad libitum
efore testing; 2) heavy smokers with schizophrenia display
igher PPI levels than light- or non-smoking patients (70), which
s in line with the finding that nicotine itself could enhance PPI
72,73). We did not assess severity of smoking behavior, and thus
he effect of smoking status alone was possibly too small to
etect in our sample. Moreover, criteria for the schizophrenia
rodrome are still evolving. Our operational definitions for
dentification of subjects in a putatively prodromal state should
ot be taken as final, even though the PPI data provide some
eurobiological validation. Finally, on average, the prodromal
ubjects and the first-episode schizophrenia patients were older
han in other studies probably for two reasons. First, administra-
ive constrains required that all participants were 18 years or
lder. Thus a large segment of the age distribution was cut.
econd, it turned out that many prodromal subjects fulfilling the
nclusion criteria were referred by secondary health care special-
st, such as psychotherapists and psychiatrist, suggesting that
hey already suffered from symptoms already for a period of
ime. The observed age differences between prodromal subjects
nd schizophrenia patients are to be expected because the
ccurrence of prodromal symptoms precedes the first diagnosis
f schizophrenia by several years (31).
Our study provides initial evidence that a sensorimotor gating
eficit is already present in the prodrome of schizophrenia,
ndicating that early attentional processes are defective before
he transit to full-blown psychosis. The deficit was as pro-
ounced as among first-episode schizophrenia patients. In agree-
ent with genetic high-risk studies, our results may indicate that
mpaired sensorimotor gating could serve as trait marker of
chizophrenia. If these findings can be replicated, PPI assessment
ay validate and improve psychopathologic risk assessment and
arly recognition of schizophrenia. The strategy of using exper-
mentally validated electrophysiologic endophenotypes such as
PI or P50 suppression, with concomitant genetic analyses for
esearch of subjects at high-risk, could permit preclinical studies
o better elucidate the neurobiological basis of risk of developing
chizophrenia and guide the testing of early intervention strate-
ies with animal models (74). With respect to this aim, the
omology of PPI across species presents an important advantage
ver other putative trait-markers of schizophrenia. Longitudinal
ssessment of prodromal individuals with sensorimotor gating
aradigms should clarify the merit of these measures for reliable
rediction of the onset of schizophrenia.
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RIEF REPORT
ensorimotor Gating of Schizophrenia Patients Is
nfluenced by 5-HT2A Receptor Polymorphisms
oris B. Quednow, Kai-Uwe Kühn, Rainald Mössner, Sibylle G. Schwab, Anna Schuhmacher,
olfgang Maier, Michael Wagner
ackground: Schizophrenia patients exhibit impairment in prepulse inhibition (PPI) of the acoustic startle response (ASR), suggesting a
ensorimotor gatingdeficit. The serotonin-2A receptor (5-HT2AR) has been implicated inboth thepathogenesis of schizophrenia and thePPI
eficits of schizophrenia patients. Moreover, both schizophrenia and PPI are thought to be inheritable. We investigated the impact of three
-HT2AR polymorphisms (A-1438G, T102C, H452Y) on PPI in schizophrenia patients.
ethods: Weanalyzed the 5-HT2ARA-1438G, T102C, andH452Ypolymorphisms and assessed startle reactivity, habituation, andPPI of ASR
n 68 Caucasian schizophrenia inpatients. Patients were also examined with the Positive and Negative Syndrome Scale.
esults: The 5-HT2AR A-1438G and T102C polymorphismswere in complete linkage disequilibrium. Patients carrying the T102C TT and the
-1438G AA allele show significantly higher PPI levels and a faster early habituation comparedwith all other variants. 5-HT2AR A-1438G and
102C genotype explained approximately 11% of the PPI and early habituation variance. In contrast, the 5-HT2AR H452Y polymorphism did
ot affect startle parameters.
onclusions: Our findings suggest that PPI and habituation are modulated by 5-HT2AR A-1438G and T102C genotype in schizophrenia.
onsequently, alterations within brain 5-HT2ARs may contribute to the PPI deficits in schizophrenia.ey Words: Acoustic startle response, 5-HT2A receptor, polymor-
hism, prepulse inhibition, sensorimotor gating, schizophrenia
chizophrenia patients consistently show impairment of
early information processing as indexed by decreased
prepulse inhibition (PPI) of the acoustic startle response
ASR) (1). PPI is a substantial reduction of the startle amplitude
hat occurs when a distinctive nonstartling stimulus is presented
0–500 msec before the startling stimulus (2). This mechanism is
hought to regulate sensory input by filtering out irrelevant or
istracting stimuli to prevent sensory information overflow.
repulse inhibition is used as an operational measure of senso-
imotor gating (3).
The serotonin-2A receptor (5-HT2AR) has been implicated in the
athogenesis of schizophrenia (4) and in the therapeutic action of
typical antipsychotics (5). Additionally, significant associations of
he T102C and A-1438G 5-HT2AR polymorphism (which are both in
trong linkage disequilibrium) with schizophrenia and with symp-
om improvement following clozapine-treatment have been re-
orted, especially in European samples (6–9).
Considerable evidence suggests that 5-HT2AR function plays an
mportant role in the sensorimotor gating deficits of schizophrenia
atients as well. Hallucinogenic 5-HT2AR agonists disrupt PPI in
odents and—at short lead intervals—also in humans (10,11).
oreover, atypical antipsychotics (especially clozapine) seem to be
uperior in the restoration of PPI deficits in schizophrenia patients
rom the Department of Psychiatry (BBQ, KUK, RM, AS,WM,MW), University
of Bonn, Germany; University Hospital of Psychiatry (BBQ), Experimental
Psychopathology and Brain Imaging, University of Zurich, Switzerland;
Western Australian Institute of Medical Research and Center for Medical
Research (SGS), School of Psychiatry and Clinical Neurosciences, School
of Medicine and Pharmacology, University of Western Australia, Perth,
Australia.
ddress reprint requests to Boris B. Quednow, Ph.D., Dipl.-Psych., University
Hospital of Psychiatry, Clinical Research, Lenggstrasse 31. CH-8032 Zu-
rich, Switzerland; email quednow@bli.uzh.ch.
eceived December 20, 2007; revised February 13, 2008; accepted February
13, 2008.
006-3223/08/$34.00
oi:10.1016/j.biopsych.2008.02.019when compared with typical substances—supposedly because of
the 5-HT2AR antagonism of atypical agents (12).
Schizophrenia is an inheritable disease (13), and PPI is also
thought to be under strong genetic influences (14). Diverse
inbred strains of rodents display significant differences in PPI
(15,16), and unaffected first-degree relatives of schizophrenia
patients exhibit decreased PPI levels (17). It has recently been
estimated that the heritability of PPI in schizophrenia patients
and their families is about 32%, whereas another study reported
a heritability of 50% within a healthy twin sample (18,19).
Given that both PPI and schizophrenia are inheritable and
that schizophrenia and PPI deficits in schizophrenia have been
linked to 5-HT2AR function, we investigated the impact of the
three most studied 5-HT2AR polymorphisms (T102C, A-1438G,
and H452Y) on PPI in a sample of schizophrenia patients.
Methods andMaterials
Participants
Seventy-one schizophrenia inpatients admitted to the psychiatric
hospital of the University of Bonn were considered eligible for the
study if the following criteria were met: a diagnosis of schizophrenia
according to DSM-IV, age between 18 and 65 years, and Caucasian
ethnicity. Patients were excluded if they had a history of a neuro-
logical disease, substance dependency, or a severe somatic disease.
Every patient was evaluated with the Structured Clinical Interview
(SCID-I) for DSM-IV. Clinical symptoms were measured with the
Positive and Negative Syndrome Scale (PANSS) (20). Fourteen
patients were unmedicated, 12 patients received typical antipsy-
chotics, and 44 patients were treated with one or more atypical
drugs. Demographic and clinical data of the patients are shown in
Table 1. This study was approved by the Ethics Committee of the
Medical Faculty of the University of Bonn. After receiving written
and oral descriptions of study aim, all participants gave written
informed-consent statements before inclusion.
Genotyping
The three 5-HT R single nucleotide polymorphisms (rs63112A
[A-1438G], rs6313 [T102C], rs6314 [H452Y]) were analyzed by
BIOL PSYCHIATRY 2008;xx:xxx
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ARTICLE  IN  PRESSaqman Assays (Applied Biosystems, Foster City, California). The
rocedure is described in detail in Supplement 1.
tartle ResponseMeasurement
PPI was recorded and analyzed as described in our previous
ork (21). In brief, subjects received 73 sound pulses of 116-dB
ower with 70-dB background white noise. In 36 of the trials, the
ulse was preceded by an 86-dB prepulse with an interstimulus
nterval (ISI) of 120 msec. The eye-blink component of the ASR
right eye) was measured using an electromyographic startle system
San Diego Instruments, San Diego, California). Smoking ad libitum
as permitted before testing (22). Three patients (4.2%) with error
rials greater than 50% were excluded from data analysis.
tatistical Analysis
The calculation of the mean percent PPI and the habituation
easures (percent habituation and linear gradient coefficient b)
ave been described in detail elsewhere (21). Startle reactivity
as assessed by the mean amplitude of the first block of
ulse-alone trials and the mean amplitude of all pulse-alone
rials. The data were analyzed by analysis of variance with the
xception of frequency data. Frequency data were analyzed
sing 2 tests. Given that gender (23), smoking (22), antipsy-
able 2. Adjusteda Means and Standard Error of Means (in Parentheses) of
esponse of Schizophrenia Patients Grouped According to Their 5-HT2A A-1
-HT2A A-1438G genotype (rs6311) AA
-HT2A T102C genotype (rs6313) TT
(%) 12 (17.6)
irst block, Amplitude of pulse-Alone Trials (Arbitrary Units) 305 (54.2)
ean Amplitude of Pulse-Alone Trials (Arbitrary Units) 188 (47.2)
ean Percent Prepulse Inhibition (%PPI) 61.2 (8.5)
ercent Early Habituation of Pulse-Alone Trials (Between
First and Second Block)
40.6 (7.5)
ercent Total Habituation of Pulse-Alone Trials (Between
First and Last Block)
59.0 (8.8)
abituation of Pulse-Alone Trials Across Six Blocks (Linear
Gradient Coefficient b)
28.0 (5.6)
5-HT2A A-1438G and T102C receptor polymorphisms were in complete
aAnalysis of covariance, means adjusted by covariates gender, age, smo
able 1. Demographic and Clinical Characteristics of Schizophrenia Patien
-HT2A A-1438G genotype (rs6311) AA AG
-HT2A T102C genotype (rs6313) TT TC
(%) 12 (17.6) 30 (44.1)
ge 29.2 (8.5) 36.1 (11.5)
ducation (years) 14.6 (3.4) 14.5 (3.0)
en, % 91.7 73.3
moker, % 66.7 46.7
atients with First-Episode, % 83.3 56.7
ge of Onset 28.7 (8.4) 30.4 (8.7)
o. of Episodes 1.3 (0.6) 2.3 (2.1)
edication Status, %a 25/8/67 27/13/60
ANSS Positive 14.6 (7.5) 18.9 (6.9)
ANSS Negative 17.4 (7.8) 22.0 (6.7)
ANSS General 35.0 (15.1) 40.4 (12.9)
ANSS Total 67.0 (28.6) 82.4 (22.4)
PANSS, Positive and Negative Syndrome Scale. Means and standard de
-1438G and T102C receptor polymorphisms were in complete linkage dise
aUnmedicated/typical/atypical antipsychotic.
bSignificant p value.bSignificant p values.
ww.sobp.org/journal
148chotic medication status (unmedicated, typical or atypical anti-
psychotic drug) (12), and age (24) could affect startle parameters,
these variables were introduced as covariates in analyses of
covariance (ANCOVA). On the basis of significant main effects,
least significant difference (LSD) post hoc comparisons were
performed. The confirmatory statistical comparisons were carried
out at a significance level set at p  .05 (two-tailed).
Results
5-HT2A T102C and A-1438G Receptor Polymorphisms
The 5-HT2AR T102C and A-1438G polymorphisms were in
complete linkage disequilibrium. Genotype frequencies were
distributed in accordance with the Hardy-Weinberg Equilibrium
[HWE; 2(1)  .42, p  .52]. With exception of gender, the
groups did not differ regarding demographic and clinical data
(see Table 1). The number of men was significantly higher in the
homozygous T102C-T/A-1438G-A group compared with the
homozygous T102C-C/A-1438G-G group [2(1)  6.1, p  .01].
Both PPI and early startle habituation were affected by genotype
in separate ANCOVAs corrected for gender, age, smoking, and
medication status (Table 2). PPI significantly decreased with the
number of T102C-C alleles (linear contrast: p  .01). LSD post hoc
le Amplitude, Prepulse Inhibition, and Habituation of the Acoustic Startle
and T102C receptor genotype
AG GG
TC CC Total Fa df/dferr
a pa 2a
30 (44.1) 26 (38.2) 68 (100)
240 (33.8) 294 (36.8) 272 (23.6) .79 2/61 .46 .03
196 (29.4) 230 (32.1) 207 (20.7) .39 2/61 .68 .01
1.3 (5.3) 32.1 (5.8) 41.3 (3.6) 3.82 2/61 .03b .11
6.4 (4.6) 15.9 (5.1) 24.9 (3.2) 3.67 2/61 .03b .11
8.6 (5.6) 33.8 (6.0) 40.4 (3.6) 2.82 2/61 .07 .09
2.6 (3.5) 18.7 (3.8) 17.7 (2.3) 2.86 2/61 .07 .09
e disequilibrium.
and medication status.
uped According to Their 5-HT2A A-1438G and T102C Receptor Genotype
GG
CC Total F/2 df/dferr p
26 (38.2) 68 (100)
35.7 (10.0) 34.8 (10.6) 2.10 2/67 .13
14.2 (3.0) 14.4 (3.0) 0.09 2/67 .93
50.0 67.6 7.31 2 .03b
57.7 54.4 1.57 2 .46
65.4 64.7 2.68 2 .26
31.5 (10.9) 30.5 (9.5) .35 2/67 .70
2.0 (1.6) 2.0 (1.8) 1.66 2/67 .20
15/27/58 22/18/60 3.15 4 .53
19.3 (8.5) 18.3 (7.7) 1.54 2/67 .22
20.8 (8.0) 20.7 (7.5) 1.55 2/67 .22
43.2 (14.8) 40.6 (14.1) 1.31 2/67 .28
83.3 (29.0) 80.2 (26.4) 1.68 2/67 .19
n of means in parentheses; gender and smoking in frequency data. 5-HT2A
brium (100% concordance between the alleles).Start
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ARTICLE  IN  PRESSests revealed that homozygous carriers of the T102C-T/A-1438G-A
llele showed significantly higher PPI levels compared with ho-
ozygous T102C-C/A-1438G-G (p .01, d .98) and the heterozy-
ous T102C-TC/A-1438G-AG variants (p  .05, d  .67). With
espect to early habituation, only the homozygous variants differed
ignificantly from each other (p  .01, d  93). Early startle
abituation was not significantly correlated with PPI (r  .11,
 .39). Finally, there were trends toward a faster total habituation
ithin the homozygous T102C-T/A-1438G-A carriers.
The effects of T102C/A-1438G genotype on PPI and early
abituation remained significant even after the introduction of
ymptom severity (PANSS total score) as an additional covariate,
s well as after excluding female patients from ANCOVA analy-
es.
-HT2A Y452H Receptor Polymorphism
The 5-HT2AR Y452H genotype frequencies were 88.2% (n 
0) for the His/His variant and 11.8% (n  8) for the His/Tyr
ariant, which is in concordance with the HWE [2(1)  .27, p 
61]. Both groups did not differ about demographic or clinical
haracteristics (data not shown). The 5-HT2AR Y452H polymor-
hism did not show any impact on startle parameters with
NCOVAs (all F values for the factor genotype were  .5).
iscussion
The present study provides first evidence that the linked
-HT2AR T102C/A-1438G polymorphisms have a strong impact
n sensorimotor gating in schizophrenia patients. Carriers of the
102C-C/A-1438G-G allele exhibit a significantly lower PPI than
atients homozygous for the T102C-T/A-1438G-A allele. Lower
PI in carriers of the 5-HT2AR T102C-C variant is consistent with
he association of this allele with schizophrenia (6,8) and with
oor long-term outcome and poor response to antipsychotics
7,25). In agreement with previous literature, the schizophrenia
atient group showed significantly decreased PPI levels com-
ared with equivalent healthy control subjects (n  46, 56.9%,
EM 3.2) who were assessed with the same startle paradigm in
ur previous work [t (112)  3.06; p  .01] (20; B.B. Quednow
t al., unpublished data, 2008).
The human 5-HT2AR gene is located on chromosome 13q14-
21. The T102C polymorphism is silent and does not result in an
lteration of the amino acid sequence of the 5-HT2AR (26).
owever, the T102C polymorphism is located in exon 1 near the
romoter region and may therefore play a role in gene regulation
nd expression (27). In fact, recent studies suggest that the
-allele is associated with diminished 5-HT2AR expression
28,29). The A-1438G polymorphism is located directly within
he promoter region of the 5-HT2AR gene (9), and it has been
roposed that the A-1438G polymorphism alters promoter activ-
ty and expression of 5-HT2ARs (30). In sum, the C-allele of the of
he T102C variation and the G-allele of the A-1438G variation
ay cause lower 5-HT2AR densities in some brain areas that may
ead to a less flexible serotonin system and worse dopaminergic
odulation (27). This conclusion would fit with findings of
ecreased 5-HT2AR densities in the cortex of schizophrenia
atients as well as with the reported association of the T102C-C
llele with schizophrenia (6,8). Thus our data strongly support
he view that sensorimotor gating deficits in schizophrenia are
inked to a genetically altered 5-HT2AR function (10,11).
Candidate gene effects on PPI in humans have been explored
n two other recent studies. A mutation on the neuregulin-1 gene
rs3924999) revealed a significant effect on PPI in healthy
olunteers and schizophrenia patients (31), explaining 7.9% ofthe PPI variance (in comparison, the 5-HT2AR T102C/A-1438G
polymorphism explained 11% PPI variance). In contrast, neither
COMT Val158Met nor DRD2 Taq 1a polymorphism showed an
influence on PPI in a sample of healthy female volunteers (32).
In our study, early habituation of the ASR was influenced by
5-HT2AR genotype as well, which is in accordance with previous
findings that 5-HT2AR agonists and indirect serotonin agonists
attenuate habituation in rodents and humans (33–35). However,
it is still under debate whether schizophrenia patients display
habituation deficits (see reference 20 for further discussion). In
our sample, schizophrenia patients indeed showed worse habit-
uation compared with healthy control subjects from our previous
studies [t (112)  2.51; p  .05] (21; B.B. Quednow et al.,
unpublished data, 2008). However, they also display diminished
startle reactivity, which might account for the habituation deficit
[t (112)  2.10; p  .05] because both parameters were strongly
correlated (r  .57, p  .001] (21).
Our findings strongly suggest that PPI and habituation of the
ASR are modulated by 5-HT2AR A-1438G and T102C genotype in
schizophrenia. However, every case-controlled association study
has the limitation of possibly being spurious because of popu-
lation stratification. Therefore, although biologically plausible,
this novel finding is in need of replication in larger samples of
schizophrenia patients and healthy control subjects.
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Sensorimotor Gating of Schizophrenia Patients Depends on Catechol O-Methyl-
transferase Val158Met Polymorphism
Boris B. Quednow1–3, Michael Wagner2,
Rainald Mo¨ssner2, Wolfgang Maier2, and Kai-Uwe Ku¨hn2
2Department of Psychiatry, University of Bonn, Bonn, Germany;
3Experimental Psychopathology and Brain Imaging, University
Hospital of Psychiatry, University of Zurich, Switzerland
It has been recently shown that Catechol O-methyltransfer-
ase (COMT) Val158Met polymorphism strongly influences
prepulse inhibition (PPI) of the acoustic startle response
(ASR) in healthy human volunteers. Given that schizophre-
nia patients exhibit impairment in PPI and that COMT is
a putative susceptibility gene for schizophrenia, we investi-
gated the impact of the COMT Val158Met polymorphisms
on PPI in schizophrenic inpatients. We analyzed COMT
Val158Met polymorphisms and assessed startle reactivity,
habituation, and PPI of ASR in 68 Caucasian schizophre-
nia inpatients. Clinical symptoms were measured with the
Positive and Negative Syndrome Scale (PANSS). Patients
carrying the Val158Met Met/Met allele showed elevated
PPI levels whereas startle reactivity and habituation did
not differ from the other two genotypes. These preliminary
results imply that PPI is influenced by COMT Val158Met
genotype in schizophrenia as well. In concert with other
findings, our data suggest that PPI is a polygenic trait.
Key words: prepulse inhibition/acoustic startle response/
sensorimotor gating/catechol O-methyltransferase/
Val158Met/COMT/schizophrenia/polymorphism
Introduction
Prepulse inhibition (PPI) of the acoustic startle response
has been established as an operational measure of senso-
rimotor gating, and reductions in PPI have been consis-
tently demonstrated in patients with schizophrenia.1 PPI
is defined as a reduction of the startle reflex response that
occurs when a loud startle stimulus is preceded by a weak
nonstartling stimulus.2 It was proposed that the mecha-
nism underlying PPI regulates sensory input by filtering
out irrelevant or distracting stimuli to prevent sensory in-
formation overflow.3 Human and animal studies suggest
that PPI is critically modulated by dopamine neurotrans-
mission at several stages of the cortico-striato-pallido-
pontine (CSPP) circuitry that has been shown to process
PPI.4,5 Consequently, it has been postulated that the sup-
posed alterations of dopamine function in schizophrenia
may also account for the PPI deficit seen in these
patients.6 Catechol O-methyltransferase (COMT) is
a key dopamine catabolic enzyme that presents a signifi-
cant modulator of prefrontal cortical function, and ini-
tially the COMT gene was suggested as a candidate for
schizophrenia susceptibility.7,8 However, association
studies did reveal divergent results, but the Val158Met
polymorphism seems to have a strong impact at least
on cognitive functioning especially in ‘‘prefrontal’’ neu-
rocognitive tasks in schizophrenia.9,10 Recently, it has
been shown that the COMT Val158Met polymorphism
strongly affects PPI in healthy human volunteers.11 Indi-
viduals homozygous for the Met allele displayed higher
PPI levels than Val homozygotes, while heterozygotes
were intermediate. This pattern is in line with previous
results on the influence of the COMT Val158Met poly-
morphism on executive functioning in healthy individuals
and schizophrenia patients.12 Additionally, it has been
shown that PPI is linked with planning and strategy for-
mation in healthy humans.13–15
Because we have previously shown that PPI in schizo-
phrenia patients depends on the linked T102C and
A-1438G polymorphisms of the serotonin-2A receptor
(5-HT2AR), we reanalyzed our patient sample to investi-
gate also the impact of the COMT Val158Met polymor-
phism on PPI in schizophrenia.16 Because Roussos et al11
have shown that healthy homozygous carriers of the
Met allele display the highest PPI levels, we predict a com-
parable pattern in our schizophrenia patients.
Methods and Materials
Participants
Seventy-one schizophrenia inpatients admitted to the
Psychiatric Hospital of the University of Bonn were
1To whom correspondence should be addressed; Clinical Re-
search, Experimental Psychopathology and Brain Imaging, Uni-
versity Hospital of Psychiatry, University of Zurich, Lenggstrasse
31, CH-8032 Zurich, Switzerland; tel: 0041-44-384-2777, fax: 0041-
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considered eligible for the study if the following criteria
were met: a diagnosis of schizophrenia according to Di-
agnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV), age between 18 and 65 years,
and Caucasian ethnicity. Patients were excluded if they
had a history of a neurological disease, substance depen-
dency, or a severe somatic disease. Every patient was
evaluated by a Structured Clinical Interview according
to DSM-IV. Clinical symptoms were measured with
the Positive and Negative Syndrome Scale (PANSS).17
Fourteen patients were unmedicated, 12 patients received
typical antipsychotics, and 44 patients were treated with
one or more atypical drugs. Demographic and clinical
data of the patients grouped according to their COMT
Val158Met genotype are shown in table 1. This study
was approved by the Ethics Committee of the Medical
Faculty of the University of Bonn. After receiving a writ-
ten and oral description of the aim of this study, all par-
ticipants gave written informed consent statements
before inclusion.
Genotyping
In all patients, DNA for genotyping was isolated either
from EDTA-anticoagulated blood or permanent cell cul-
tures received after transforming the lymphocytes with
Epstein-Barr virus. The isolation of the DNA followed
the QIAGEN protocol for the Blood & Cell Culture
DNAMaxi Kit (QIAGEN, Hilden, Germany). Polymer-
ase chain reaction (PCR) was performed using 12.5 ng of
DNA. The COMT Val158Met polymorphism was ana-
lyzed by a Taqman Assay. The procedure followed the
protocol for Taqman Assays with the use of Taqman
Universal PCR MasterMix, No AmpErase UNG (Ap-
plied Biosystems, Foster City, CA). Each assay consists
of the unlabeled forward primer and the unlabeled re-
verse primer and 2 reporters that are dye labeled with
FAM and VIC. The assays are designed for allelic dis-
crimination of specific single-nucleotide polymorphisms.
All alleles were scored in a single well by measuring the
fluorescence at the end of the PCR using a Tecan Ultra
384 reader (Tecan, Crailsheim, Germany). Excitation
and emission wavelengths for the FAM-labeled probes
were 485 and 535 nm and for the VIC-labeled probes
535 and 590 nm, respectively.
Startle Response Measurement
Our equipment, setup, and standard PPI testing proce-
dures have been described in detail previously.20,21
Each examination began with a 4-minute acclimation pe-
riod of 70-dB background noise that was continued
throughout the session. Participants received 73 white
noise sound pulses at an intensity of 116 dB (instanta-
neous rise/fall time) and a duration of 40 milliseconds
separated by variable intertrial intervals between 8 and
22 seconds (mean 15 seconds). In 36 of the trials, the pulse
was preceded by a 20-millisecond 86-dB white noise pre-
pulse (instantaneous rise/fall time) with an interstimulus
interval (ISI) of 120 milliseconds. The initial trial was
a pulse-alone (PA) trial, which was separated for further
analysis. All following trials were presented in a pseudor-
andomized order. The entire test session lasted about
20 minutes. To ensure that PPI was not influenced by
smoking withdrawal, smoking ad libitum was permitted
before testing.22 Trial exclusion and scoring criteria
were identical to those used in previous studies 20,21 Sub-
jects with error trials>50% were excluded from data anal-
ysis. Based on this criterion, 3 patients (4.2%, 1 Met/Met,
and 2 Val/Met carriers) were excluded from analysis.
Table 1. Demographic and Clinical Characteristics of Schizophrenia Patients Grouped According to Their COMT Val158Met Genotype
(Means and SD of Means in Parentheses, Sex, and Smoking in Frequency Data)
COMT Val158Met Genotype Met/Met Val/Met Val/Val Total F/v2 df/dferr P
N 13 (19.1%) 38 (55.9%) 17 (25.0%) 68 (100%)
Age 32.2 (7.1) 34.6 (11.3) 37.1 (11.3) 34.8 (10.6) 0.77 2/65 .47
Years of education 15.0 (3.3) 14.6 (3.0) 13.6 (2.8) 14.4 (3.0) 0.85 2/65 .43
Men in % 53.8 73.7 64.7 67.6 1.83 2 .40
Smoker in % 61.5 52.6 52.9 54.4 0.33 2 .85
Patients with a first episode in % 69.2 65.8 58.8 64.7 0.39 2 .82
Age of onset 28.2 (5.5) 31.0 (9.9) 31.1 (11.1) 30.5 (9.5) 0.46 2/65 .63
Duration of illness (y) 4.0 (7.3) 3.9 (7.2) 5.9 (11.4) 4.4 (8.4) 0.37 2/65 .69
Number of episodes 1.7 (1.2) 2.0 (1.7) 2.3 (2.2) 2.0 (1.8) 0.43 2/65 .65
Medication status in % (unmedicated/
typical/atypical antipsychotic)
23/15/62 18/24/58 29/6/65 22/18/60 2.90 4 .58
Daily chlorpromazine equivalentsa 256 (225) 279 (199) 259 (201) 269 (202) 0.09 2/65 .91
PANSS positive 20.5 (6.9) 17.2 (7.4) 19.3 (9.2) 18.3 (7.7) 1.00 2/65 .38
PANSS negative 22.6 (9.4) 19.9 (7.2) 21.3 (6.3) 20.7 (7.5) 0.67 2/65 .51
PANSS general 41.2 (12.6) 39.4 (15.3) 43.2 (12.5) 40.6 (14.1) 0.39 2/65 .68
PANSS total 86.3 (22.6) 76.7 (27.9) 83.8 (25.8) 80.2 (26.4) 0.80 2/65 .45
Note: COMT, catechol O-methyltransferase; PANSS, Positive and Negative Syndrome Scale.
aAccording to Woods and Bazire.18,19 Unmedicated patients received the value zero.
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Statistical Analysis
The mean percent PPI of startle magnitude was calcu-
lated using the formula: % PPI = 100 3 (magnitude on
PA trialsmagnitude on prepulse (PP) trials)/magnitude
on PA trials.23 To assess habituation of startle reactivity,
PA trials were divided each in 6 blocks. Startle reactivity
was assessed by the mean amplitude of the first block of
PA trials and the mean amplitude of all PA trials. The
data were analyzed by analysis of variance (ANOVA)
with exception of frequency data. Frequency data were
analyzed using v2 tests. Based on significant main ef-
fects, Tukey Honest Significance Difference (Tukey-HSD)
post-hoc comparisons were performed. Interrelation-
ships between startle measurements and clinical or
demographic data were tested using Pearson product-
moment-correlation. The confirmatory statistical com-
parisons were carried out at a significance level set at
P < .05 (2 tailed). Within the correlation analyses, the
significance level was set at P < .005 (2 tailed) in order
to avoid accumulation of a error.
Results
The COMT Val158Met genotype frequency was distrib-
uted in accordance to the Hardy-Weinberg Equilibrium
(HWE; X 21 = 1.0, P = .32). Given that the 5-HT2A
T102C, A-1438G, and Y452H genotype frequencies
were also distributed in accordance to the HWE in the
present sample, genetic inhomogeneity of the analyzed
population is unlikely.16 The groups did not differ re-
garding demographic and clinical data (see table 1).
In contrast to all other startle parameters, PPI was sig-
nificantly affected by COMT genotype (F2,65 = 3.05, P<
.05,g2 = 0.09) (see figure 1 for PPI data and table 2 for the
rest of the startle data). A Tukey HSD post hoc test
revealed that homozygous carriers of the Met allele dis-
play significantly higher PPI levels compared with hetero-
zygous carriers of the Val/Met genotype (P < .05,
Cohen’s d = 0.79). Both homozygous groups (Met/Met
vs Val/Val) did not significantly diverge with respect to
PPI, but, however, the difference did show a moderate
effect size (d = 0.56). The Val/Val group and the Val/
Met group did not significantly differ (d = 0.22). Analy-
ses of polynominal contrasts across the 3 genotype
groups revealed a significant quadratic trend (P < .05)
but no significance for a linear trend (P = .13).
If Met/Met carrier were compared with a merged group
of carriers of the Val allele (Val/Met þ Val/Val), both
groups significantly differ regarding PPI (F1,67 = 5.4,
P < .05, d = 0.71). Separate analyses of covariance
(ANCOVAs) of the 3 genotype groups introducing age,
smoking status, medication status, chlorpromazine equiv-
alents, gender, PANSS scores, and startle amplitude as
covariates revealed significant or near significant effects
for the factor genotype (P = .05–.08, g2 = 0.08–0.09).
An ANCOVA of the PPI data, including genotype and
gender as grouping factors, and age, PANSS total score,
and chlorpromazine equivalents as covariates, displayed
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Fig. 1. Prepulse Inhibition (PPI) of Patients With Schizophrenia
Patients Grouped According to Their COMTVal158Met Genotype
(Means and SEs of Means). Homozygous Met allele carriers
displayed significantly increased PPI levels. (Tukey HSD post hoc
tests: *P < .05).
Table 2. Means and SE of Means (in Parentheses) of Startle Amplitude and Peak and Onset Latency of the Acoustic Startle Response of
Schizophrenia Patients Grouped According to Their Catechol O-Methyltransferase (COMT) Val158Met Genotype
COMT Val158Met Genotype Met/Met Val/Met Val/Val Total F df/dferr P g
2
N 13 (19.1%) 38 (55.9%) 17 (25.0%) 68 (100%)
First block, amplitude of pulse-alone
trials (arbitrary units)
324 (53.9) 251 (31.0) 281.3 (50.0) 272 (23.6) 0.79 2/65 .50 0.02
Mean amplitude of pulse-alone trials
(arbitrary units)
223 (43.0) 194 (26.8) 226 (48.5) 207 (20.7) 0.28 2/65 .76 0.01
Onset latency pulse-alone trials (ms) 37.7 (2.5) 39.9 (1.3) 40.2 (2.5) 39.5 (1.0) 0.38 2/65 .69 0.01
Onset latency prepulse-pulse trials (ms) 43.2 (5.5) 40.4 (1.7) 40.9 (3.1) 41.1 (1.6) 0.21 2/65 .81 0.01
Peak latency pulse-alone trials (ms) 63.8 (1.4) 62.5 (0.9) 62.5 (1.0) 62.7 (0.6) 0.31 2/65 .74 0.01
Peak latency prepulse-pulse trials (ms) 62.1 (4.9) 58.7 (1.4) 59.1 (1.7) 59.4 (1.3) 0.51 2/65 .60 0.02
Peak latency facilitation (pulse-alone 
prepulse pulse trials, ms)
1.7 (4.6) 3.8 (1.1) 3.4 (1.2) 3.3 (1.1) 0.27 2/65 .77 0.01
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significant main effects of the factors genotype
(F2,56 = 3.21, P < .05, g
2 = 0.10) and the covariate age
(F1,56 = 3.93, P < .05, g
2 = .07). Gender, PANSS total
score, and chlorpromazine equivalents did not show a sig-
nificant impact on PPI and also the interaction of gender
and genotype was not significant.
For the analysis of the possible impact of COMT geno-
type on the habituation curves, a repeated-measurement
ANOVA (3 groups 3 6 blocks) of the 6 PA blocks was
done. This analysis revealed a significant main effect of
factor block, reflecting total habituation (F5,61 = 17.3;
P < .001, g2 = 0.59). The factor group was not significant
(F2,65 = 0.69; P = .51,g
2 = 0.02). Finally, the interaction of
the factors block and group was also not significant
(F10,122 = 1.31; P = .23, g
2 = 0.10), indicating a similar
progression of habituation in all groups (see figure 2).
Correlational analysis of startle parameter and patient
characteristics within the total sample revealed that the
mean amplitude of PA trials was negatively associated
with the PANSS positive score (r = 0.37, P = .002)
and that the mean amplitude of PA trials in the first block
was inversely correlated with the PANSS positive score
(r = 0.38, P = .002] and the PANSS total score (r =
0.34, P = .005). These findings indicate that low star-
tling patients displayed more severe psychotic symptoms.
PPI did not correlate with any clinical or demographic
data.
Discussion
To our knowledge, this is the first study demonstrating
that the COMT Val158Met polymorphism affects senso-
rimotor gating in schizophrenia. The present preliminary
data are largely in agreement with the recent study of
Roussos et al11 who found similar effects in a sample
of male healthy human volunteers. However, these
authors found a much stronger effect of the factor
COMT genotype (g2 = 0.25) compared with our results
(g2 = 0.09). This could be explained by the fact that
Roussos et al11 measured a highly homogeneous sample
of only male university students, whereas we assessed
a heterogeneous patient sample with mixed gender,
a broad age distribution, and psychotropic medication.
Such moderating effects may also explain why Montag
et al24 did not find an effect of COMT Val158Met on
PPI in their sample of healthy female university students.
However, this study is not directly comparable to
Roussos’ and our study because of different stimulus
parameters used for prepulse and PA trials. For a detailed
discussion of these differences see Roussos et al.11 Fur-
thermore, Roussos et al11 reported significant lower
PPI levels within homozygous carriers of the Val allele
compared with both the Val/Met group and the Met/
Met carriers. In contrast, we only found elevated PPI lev-
els in the Met/Met group, while the Val/Met group and
the Val/Val group displayed comparable PPI-levels. The
reasons for this may be due either to a smaller sample
size, demographic sample differences, an influence of
schizophrenia itself, or a medication effect. The last ex-
planation maybe the most likely one because it has
been shown that atypical antipsychotics—such as quetia-
pine or clozapine—increase PPI in subjects with low (but
not high) baseline PPI levels.25,26 It is therefore conceiv-
able that Val/Val patients (who presumably have the
lowest PPI if untreated) received the maximum benefit
from medication compared with the other 2 genotype
groups.
COMTmessenger RNA is much more expressed in the
prefrontal cortex and the hippocampus than in the stria-
tum, the ventral tegmental area, or the substantia nigra.8
Because all these structures take part in the CSPP circuit
regulating PPI, it is most likely that the Val158Met poly-
morphism influences PPI at the prefrontal or hippocam-
pal level.5 However, carriers of the Met allele display
a lesser COMT activity compared with Val allele carriers
resulting in increased dopamine concentrations especially
in the prefrontal cortex of the Met allele carriers.8 Thus,
enhanced prefrontal dopamine concentrations may con-
tribute to the elevated PPI in theMet/Met variants, which
would be in line with the observations that reduced do-
pamine activity in the prefrontal cortex results in a disrup-
tion of PPI.27–29 However, the impact of COMT
Val158Met genotype on hippocampal dopamine trans-
mission is less understood so far, and thus, the hippocam-
pus may play also a role in the PPI alterations by COMT
Val158Met genotype.
Currently, other genetic variations have also been
reported to have an impact on sensorimotor gating. So
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Fig. 2. Habituation Curves—Diagrammed as Mean Amplitude of
116-dB Pulse-Alone Trials in 6 Blocks—of Patients With
Schizophrenia Grouped According to Their COMT Val158Met
genotype (means andSEsofmeans).Genotypegroupsdidnot differ
regarding their habituation curves.
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it has been shown that the dopamine-D3 receptor
Ser9Gly polymorphismmodulates PPI in healthy humans
and that a mutation of the Neuregulin-1 gene also affects
PPI in healthy human volunteers as well as in schizophrenia
patients.30,31 Additionally, we have recently demon-
strated that the 5-HT2AR T102C/A-1438G polymor-
phisms have a strong impact on PPI in the same
sample of schizophrenia patients presented here.16 In
agreement with some animal data, these results in
humans support the view that PPI is probably a polyge-
netic trait.32 Moreover, in an explorative analysis,
COMT Val158Met and 5-HT2AR T102C/A-1438G geno-
type did not appear to interact regarding PPI in our pa-
tient sample (F3,60 = 0.1, P = .94, g2 = 0.01).
Nevertheless, because the power of the present study is
too small, any conclusions with regard to epistatic effects
on PPI should await replication in larger samples.
The present study has some limitations. First, we only
use one prepulse-pulse trial condition (85 dB–120 milli-
seconds) that may have masked possible stimulus or
stimulus by genotype-dependent effects on PPI. How-
ever, Roussos et al11 used several prepulse-pulse condi-
tions, but they could not show any interactions
between prepulse intensity, ISI, and COMT genotype.
Second, we did not examine a healthy control group.
But, in agreement with previous literature, the total
group of schizophrenia patients did show significantly
decreased PPI levels when compared with equivalent
groups of healthy controls (n = 46, 56.9%, standard error
of the mean = 3.2), who were assessed with the same star-
tle paradigm in our previous work (t112 = 3.06; P <
.01).21,33 Nevertheless, the present findings drawn only
from schizophrenia patients replicate and extent the pre-
vious results that COMT Val158Met genotype affect PPI
in healthy human volunteers. Third, we could not rule
out medication effects. However, it is impossible to study
behavioral genetics only in unmedicated schizophrenia
patients because the expectable sample sizes would be
insufficient.
In conclusion, the present results tentatively suggest
that PPI of schizophrenia patients depends on COMT
Val158Met polymorphism. In concert with previous hu-
man and animal findings showing that PPI is affected
by multiple mutations, it is suggested that PPI (like
schizophrenia) is modulated by polygenetic factors. Fu-
ture studies with larger samples of schizophrenia patients
and healthy controls are needed to explore the multiple
single and epistatic effects of different gene mutations on
PPI, which may provide a window into the polygenetic
causation of schizophrenia.
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On the Influence of Baseline Startle Reactivity on the Indexation of
Prepulse Inhibition
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Prepulse inhibition (PPI) of the startle reflex refers to the reduction of the reflexive startle response to an
intense pulse stimulus when its presentation is shortly preceded by a weak prepulse stimulus. PPI is
considered as a cross-species translational model of sensorimotor gating, and deficient PPI has been
reported in a number of neuropsychiatric disorders. Although a part of the literature is based on the
assumption that PPI is independent of the baseline startle reaction, there is accumulating evidence
(Csomor et al., 2006; Sandner & Canal, 2007; Yee, Chang, Pietropaolo, & Feldon, 2005) that argues
against such an independency. The authors systematically investigated whether PPI indexed as percent-
age or difference score is dependent on the magnitude of baseline startle reactivity in healthy human
volunteers and in C57BL/6 mice. The results revealed that both indexations of PPI were affected by the
magnitude of the baseline startle. The authors highlight the pitfalls of different methods to index PPI,
especially when startle reactivity differs considerably between groups under comparison, and offer
practical recommendations to satisfactorily deal with such baseline differences.
Keywords: prepulse inhibition, baseline startle, sensorimotor gating, human, mice
Prepulse inhibition (PPI) refers to the attenuation of the reflex-
ive startle reaction toward an intense pulse stimulus when its
presentation is shortly preceded by a weak prepulse stimulus
(Graham, 1975; Hoffman & Ison, 1980). According to the “pro-
tective hypothesis” of Graham (1975, 1980, 1992), the inhibitory
effect of the prepulse upon subsequent pulse processing reflects
the protection of the ongoing processing of the antecedent prepulse
against interference by the succeeding pulse. This is commonly
considered as a form of sensorimotor gating. Deficient PPI has
been observed among a number of psychiatric conditions that are
characterized by a general failure or deficiency in filtering out intru-
sive sensory information, for example, in schizophrenia (Braff et al.,
2001; Ludewig & Vollenweider, 2002;), schizotypal personality dis-
order (Cadenhead, Geyer, & Braff, 1993), obsessive–compulsive
disorder (Hoenig, Hochrein, Quednow, Maier, & Wagner, 2005), and
Tourette’s syndrome (Castellanos et al., 1996).
Numerous methods have been applied in the past to quantify PPI,
that is, the magnitude of the diminution of the startle response to the
pulse stimulus because of the antecedent prepulse stimulus (Blumen-
thal, Elden, & Flaten, 2004). The most commonly used method for
the calculation of PPI magnitude involves the relative (or propor-
tional) quantification of startle reduction caused by the prepulse
with respect to baseline (pulse-alone) startle amplitude. Most often
relative PPI is indexed as the percent reduction of the startle
amplitude (%PPI) in trials containing a prepulse (prepulse-pulse
trials) relative to those trials without a prepulse stimulus (pulse-
alone trials). Another widespread method to quantify PPI is to
calculate the absolute difference score between the startle ampli-
tude on pulse-alone trials and prepulse-pulse trials. In any case, the
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interpretation of PPI offers a special challenge, whenever a base-
line startle reactivity difference exists between groups, for example
by an intervention that by itself can cause significant change in
startle reactivity. Consequently, changes in PPI with concomitant
changes in startle amplitude cannot be directly interpreted as a
change in sensorimotor gating per se (Braff, Geyer, & Swerdlow,
2001; Swerdlow, Braff, & Geyer, 2000).
Blumenthal, Elden, and Flaten (2004) compared several meth-
ods to quantify PPI and concluded that a proportional measure, in
which the amount of inhibition is expressed relatively to the
individuals’ baseline startle reactivity (i.e., %PPI), is from a sta-
tistical as well as a conceptual standpoint the method of choice to
index sensorimotor gating. This conclusion was based on the
observation that the proportional measure was the method of PPI
indexation that correlates the least with the individuals’ baseline
startle reactivity. Indeed, %PPI is often referred to as being inde-
pendent of the magnitude of the startle reaction as many studies
have reported the absence of such a significant correlative rela-
tionship between baseline startle amplitude and %PPI. In a study
conducted in mice, Ison, Bowen, Pak, and Guiterrez (1997) could
not detect a systematic variation of %PPI between subjects exhib-
iting either low or high baseline startle reactivity and therefore
concluded that individual differences in the magnitude of the
startle reflex have little consequence on %PPI. Furthermore, there
are reports showing that differences in %PPI, despite concomitant
changes in baseline startle amplitude, remained significant when
the startle amplitude was included as a covariate in covariance
analysis and therefore the significant effects seen in %PPI could
not be solely explained by the observed difference in baseline
startle amplitude (Aasen, Kolli, & Kumari, 2005; Duncan et al.,
2003; Frankland et al., 2004; Weike, Bauer, & Hamm, 2000;
Vollenweider, Barro, Csomor, & Feldon, 2006; Yee, Russig, &
Feldon, 2004). Such findings led to the widespread assumption
that percent change from baseline startle (i.e., %PPI) can correct
for imbalance between groups with respect to the magnitude of the
startle reaction. In contrast, absolute difference score PPI seems to
be strongly related to the magnitude of the startle reactivity, as
indicated by the high positive correlation between startle reactivity
and difference score PPI, accounting up to 99% of the variance
(Ison, Bowen, Pak, & Guiterrez, 1997; Blumenthal, Elden, &
Flaten, 2004; Schwarzkopf, McCoy, Smith, & Boutros, 1993).
Braff, Geyer, and Swerdlow (2001) concluded that both percent
inhibition and difference score have their appropriate uses, and can
be utilized together to obtain a full assessment of PPI. Similarly,
it has been stated that %PPI and PPI based on the absolute
difference score may provide complementary information
(Schwarzkopf, McCoy, Smith, & Boutros, 1993). However, these
two methods of PPI indexation can lead to divergent results, if the
baseline startle reactivity differs between groups (Karper et al.,
1995; Yee, Chang, Pietropaolo, & Feldon, 2005; Yee, Russig, &
Feldon, 2004) [also see the results of the present study]. Moreover,
these two commonly used indexations of PPI show a divergent
dependency on baseline startle reactivity (Blumenthal, Elden, &
Flaten, 2004; Ison, Bowen, Pak, & Guiterrez, 1997; Schwarzkopf,
McCoy, Smith, & Boutros, 1993). Thus, the above statements
(Braff, Geyer, & Swerdlow, 2001; Schwarzkopf, McCoy, Smith,
& Boutros, 1993) seem paradoxical.
We have recently shown a dependency of PPI on the intensity of
the startle eliciting stimulus in humans (Csomor et al., 2006) and
in mice (Yee, Chang, Pietropaolo, & Feldon, 2005). %PPI under
low startle eliciting stimulus conditions was more prominent com-
pared to %PPI measured on pulse conditions of higher intensity. In the
context of the present report, it is of great importance to note that a
more intense startle eliciting stimulus also enhances the startle reac-
tion and therefore an indirect relationship between startle reactivity
and %PPI can be expected. Moreover, although many studies do not
find a significant correlation between startle reactivity and %PPI,
there are indeed positive findings for such a dependency, although
the correlations explained only a limited proportion of the variance
(Blumenthal, Elden, & Flaten, 2004; Ison, Bowen, Pak, & Guit-
errez, 1997; Yee, Chang, Pietropaolo, & Feldon, 2005). Neverthe-
less, based on the data from animal studies Sandner and Canal
(2007) suggested a neural network model of sensorimotor gating in
which %PPI decreased with increasing startle amplitude, and a
similar model has been proposed by Schmajuk and Larrauri
(2005).
The influence of startle reactivity on sensorimotor gating is of the
greatest importance, especially when startle reactivity as such is
significantly modified by the treatment of interest, or severely altered
in the patient group under investigation. In contrast to other inten-
sively studied parameters in PPI, such as lead stimulus interval (Hoff-
man & Ison, 1980), stimulus modality (Koch, 1999), prepulse inten-
sity (Blumenthal, 1995; Graham & Murray, 1977), pulse-alone
intensity (Csomor et al., 2006; Yee, Chang, Pietropaolo, & Feldon,
2005), and the effect of background noise level (Blumenthal, Noto,
Fox, & Franklin, 2006; Flaten, Nordmark, & Elden, 2005), the impact
of baseline startle reactivity on PPI is less understood, and the inde-
pendence of the two measures remains to be directly tested.
The aim of the present study was to systematically investigate
whether PPI is dependent on the baseline startle reactivity. More-
over, we also suggest how to deal with baseline differences in
startle reactivity, and point out the pitfalls of different methods to
index PPI in the presence of such a baseline startle difference. In
contrast to the study of Blumenthal, Elden, and Flaten (2004) in
which such a potential dependency was investigated using a cor-
relational approach, we here compared PPI between two groups of
healthy human volunteers differing considerably in their baseline
startle reactivity. To this end, human subjects participated in two
separate experimental sessions. In the first session, only pulse-
alone stimuli of a wide range of intensities (75–115 dBA) were
presented, thus allowing us to identify the startle characteristics of
each individual. This data set served as a basis for the formation of
two distinct subgroups differing considerably in their startle reac-
tivity profile. PPI was then measured and compared between the
two groups in a subsequent (second) test session. In addition, a
very similar analysis of the data was conducted in a data set
derived from an earlier study conducted in mice, and the outcomes
were compared with the results of the human experiment.
Experiment 1 (Human Subjects)
Method and Materials
Subjects
Fifty-five healthy male volunteers participated in the present
experiment. All subjects gave their informed written consent and
were without a history of mental and neurological disorders. To
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ascertain the subjects’ mental status, all subjects were screened by
the DIA-X diagnostic expert system (Wittchen & Pfister, 1997), a
semistructured psychiatric interview and the Hopkins Symptom
Checklist (SCL-90–R) (Derogatis, 1977). They all were free of
medication at the time of testing, and negated the use of illicit
drugs, which was confirmed by urine toxicology on both test days.
None of the participants had a family history of a psychiatric disorder
among their first-degree relatives. Subjects were instructed to abstain
from drinking alcohol for at least 24 hours before each test session,
not to drink any caffeine-containing beverages on the day of testing,
and to keep their usual smoking habits. Smoking was not allowed
from one hour before the recording session. Hearing was evaluated
in all subjects, using a standard computerized whispered voice test
(for a review see Pirozzo, Papinczak, & Glasziou, 2003). No
subjects were excluded because of hearing difficulties. Two vol-
unteers were excluded because of poor EMG signal quality and
one subject was excluded because no distinct startle reaction
toward the most intense pulse stimulus could be elicited (nonre-
sponder, startle amplitudepulse115dB10 V). Moreover, the data
from one subject was not included in the analysis because of
nonparticipation in the second test session. Subject demographics
and SCL-90 ratings from the remaining 51 volunteers are summa-
rized in Table 1. The study had been approved by the Ethics
Committee of The Swiss Federal Institute of Technology Zurich
(ETH Zurich).
Experimental Design
The subjects participated in two test sessions, 14 to 18 days
apart. The data derived from the first session comprised pulse-
alone trials only (see session definition) served as a basis for the
stratification of the subjects into low and high startlers. PPI was
then assessed in the second test session and comparison between
the two groups was performed using different methods to index the
magnitude of PPI.
Apparatus and Data Recording
Electromyographic (EMG) recording was performed in a sound-
proof EEG-room. The subjects were first informed that the exper-
iment was intended to investigate simple blink-reflexes in the
presence of a broadband white noise to be delivered via head-
phones and that the stimuli themselves were not associated with
any health risk to their hearing. They were then asked to sit
comfortably in a chair, to relax and stay awake while looking at a
blank wall approximately 2 m away.
Acoustic startle stimuli were generated by EMG-SR (San Diego
Instruments, San Diego, CA) and presented binaurally through
headphones (TDH-39-P, Maico, Minneapolis, MN). The orbicu-
laris oculi EMG was measured using the ActiveTwo system (Bio-
semi, The Netherlands). All electrodes were active silver/silver-
chloride electrodes. Two electrodes were placed below the right
eye over the orbicularis oculi muscle to measure eyeblink activity
and the reference electrode was placed on the glabella. All elec-
trode offsets were below 25 V. The system recorded continu-
ously over the whole session using a sampling rate of 4096 Hz.
Analyzer (Brainvision, Germany) was used to preprocess the re-
corded data. The two electrodes located over the orbicularis oculi
muscle were referenced bipolarly, resulting in a single EMG
channel. EMG activity was band-pass filtered (30–500 Hz), down-
sampled to 1,000 Hz to reduce the amount of data and rectified.
Segmentation was performed from 50 ms before the onset of the
relevant stimulus (the prepulse in prepulse-pulse and prepulse-
alone trials, and the pulse in pulse-alone trials) to 450 ms after
stimulus onset. The segmented data were exported for quantitative
analysis.
Session Definition
Session 1. The test session was composed of pulse-alone trials
of nine different levels of intensities ranging from 75 to 115 dBA
Table 1
Demographic Characteristics of the Subjects Stratified Into Low and High Startler Groups
Low startle group
(n  17)
High startle group
(n  17) Main effect of group
Mean SE Mean SE F p
Age (years) 28.64 1.29 28.53 0.92 1 n.s.
Occasional smokers* 4 3
SCL-90 Global Indices:
Global Severity Index (GSI) 0.25 0.10 0.21 0.05 1 n.s.
Positive Symptom Total (PST) 14.35 4.26 14.35 2.78 1 n.s.
Positive Symptom Distress Index (PSDI) 1.09 0.13 1.01 0.13 1 n.s.
SCL-90 Symptom Scales:
Somatization 1.82 0.63 1.82 0.56 1 n.s.
Obsessive-compulsive 3.29 1.14 3.06 0.72 1 n.s.
Interpersonal sensitivity 2.00 1.00 2.41 0.65 1 n.s.
Depression 4.65 2.01 4.18 0.92 1 n.s.
Anxiety 2.71 1.33 1.71 0.58 1 n.s.
Hostility 2.06 1.00 0.82 0.25 1.4 n.s.
Phobic anxiety 0.65 0.36 0.29 0.19 1 n.s.
Paranoid ideation 1.76 0.59 1.35 0.38 1 n.s.
Psychoticism 1.88 1.04 0.76 0.43 1 n.s.
*Less than eight cigarettes per day.
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in steps of 5 dB and additional trials in which no discrete stimulus
other than the constant background noise was presented (denoted
hereafter as ‘ns trials’). Pulse stimuli and background noise em-
ployed in the experiment consisted of broadband white noise. The
background noise was set at 70 dBA. All stimuli were 40 ms in
duration, and rise and fall time of the stimuli were less than 1 ms.
The session began with a 2-min period of acclimatization to the
background noise, followed by the presentation of 80 discrete trials
(each stimulus type was presented eight times) according to a
variable intertrial interval (ITI) with a mean of 12 s (ranged from
816 s). The sequence of presentation was randomized. The entire
test session lasted for approximately 20 minutes.
Session 2. The test session was composed of a mixture of
pulse-alone trials, prepulse-pulse trials, prepulse-alone trials,
and ns trials. All stimuli and the background noise consisted of
broadband white noise. The background noise was set at 70
dBA. There were three levels of pulse intensity (95, 105, and
115 dBA) and two levels of prepulse intensity (78 and 86 dBA).
All pulses were 40 ms in duration, and prepulses were of 20 ms
duration. The stimulus onset asynchrony (SOA) between the
prepulse and pulse stimuli on prepulse-pulse trials was 120 ms.
The session began with a 2-min period of acclimatization to the
background noise, followed by the presentations of 99 discrete
trials according to a variable ITI with a mean of 12 s (ranged
from 816 s). The session began with three consecutive pulse-
alone trials (one at each of the three possible intensities) that
were not taken into account in the statistical analysis as these
trials served to stabilize the subjects’ startle response. Eight
blocks of intermixed trials formed the remaining 96 trials. Each
block comprised 12 trials: three pulse-alone trials, two
prepulse-alone trials, six prepulse-pulse trials (one of each
possible prepulse-pulse combination), and one ns trial. The
sequence of presentation within each block was randomized.
The entire test session lasted for approximately 23 minutes.
Response Scoring
The EMG record of each and every trial was separately scored
using the Windows based software emgBLINK version 1.2 (CST,
Switzerland). Before scoring, the EMG was smoothed with a time
constant of 5 ms. Baseline value was calculated by the mean
response amplitude of the first 50 ms before any stimulus onset.
Stimulus response amplitudes were scored as peak response sam-
ple between stimulus onset (pulse in pulse-alone and prepulse-
pulse trials, prepulse in prepulse-alone trials) to 150 ms after
stimulus onset minus the baseline value of the respective trial.
Response amplitudes on ns trials were scored as the peak response
sample between 51 and 201 ms minus baseline value of the
respective trial. Every trial was also examined for sign of sponta-
neous eyeblinks in the scoring windows, and other possible signs
of corrupted EMG signal, and if present the trial was excluded.
Statistical Analysis
All statistical analyses were conducted using the statistical soft-
ware Statistica 7 (Statsoft Inc., OK). To test whether the level of
PPI is dependent on the magnitude of the baseline startle reaction,
subjects were stratified into two groups differing considerably in
their startle reaction as described below. PPI expressed as percent
inhibition and by the means of absolute difference score was then
compared between the two groups.
The distribution of the startle data in all stimulus conditions was
highly positively skewed (pShapiro-Wilk W  0.001 for all condi-
tions) in both sessions and this was further accompanied by a
significant heterogeneity of variance between the two groups (Lev-
ene’s test for homogeneity, p  .05). Even though parametric
analysis of variance (ANOVA) can tolerate deviations from the
normality assumption, enhanced compliance to it, which often also
results in homogeneity of variance, improves considerably statis-
tical power (Bland & Altman, 1996; Levine & Dunlap, 1982).
After ln-transformation, startle amplitudes did not deviate signif-
icantly from normality (pShapiro-Wilk W  0.05 for all conditions)
and homogeneity of variance (Levene’s test for homogeneity, p 
.05). In contrast, %PPI was negatively skewed in all prepulse-pulse
conditions (pShapiro-Wilk W  0.05 for all conditions). While the
calculation %PPI was based on nontransformed startle data, abso-
lute difference score PPI was calculated once using the ln-
transformed startle data and once with the use of the nontrans-
formed data (see below).
The segregation of subjects by reactivity to pulse stimuli. The
startle amplitude data derived from Session 1 that consisted of
pulse-alone stimuli of a wide range of stimulus intensities (ns to
115 dBA in steps of 5 dB) served as the basis for the stratification
of the subjects into low or high startle reactivity subgroups. To
achieve two distinct groups differing in their reactivity across a
wide range of pulse stimulus intensities, the area under the curve
(AUC) derived from the startle amplitudes toward all pulse stim-
ulus intensities (ns to 115 dBA) was calculated. The AUC was
approximated by summing the area of the trapezoids defined by
pairs of data points (x: 0–9, y: startle reactivity elicited by stimulus
intensities ranging from ns to 115 dBA) derived from the ln-
transformed startle amplitudes. Then the subjects were split into
three equal-sized groups (n  17) according to their individual
AUC value (low, middle, and high startle group). To achieve a
distinct separation of the two groups considerably differing in their
startle reactivity, the middle group was excluded from subsequent
between-groups analysis. Further analysis revealed that no change
in group composition was observed when the sum of the startle
amplitudes elicited by the pulse stimuli ranging from ns to 115
dBA was used as an alternative approach to benchmark the sub-
jects’ overall startle reactivity.
Pulse- and prepulse-elicited reaction. For the analysis of Ses-
sion 1, the mean startle reactivity to each of the nine pulse stimuli
of increasing intensity (75 – 115 dBA) and the baseline reactivity
level obtained on ns trials were calculated for each subject based
on the ln-transformed startle data. The differential startle charac-
teristics of the two groups were investigated using a repeated
measures ANOVA with the within-subject factor pulse stimulus
intensity (10 levels: ns – 115 dBA). Dunnett’s test was used to
determine the pulse stimulus intensities which led to a significant
change in startle response compared to the ns condition.
The analysis of the startle reactivity in Session 2 was based on
pulse-alone trials presented in the eight blocks of the test session,
intermixed with other trial-types. The mean startle reactivity (ln-
transformed) to each of the three pulse stimulus intensities was
calculated for each subject. The mean reactivity score obtained on
ns trials was also calculated and included as the baseline control
condition in a repeated measures ANOVA with four levels (ns, 95,
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105, 115 dBA). Prepulse elicited reactivity (PPER) was analyzed
similarly based on the data obtained on prepulse-alone trials using
a repeated measures ANOVA with three levels (ns, 78, 86 dBA).
Prepulse inhibition. The indexations of PPI, that is, the reduc-
tion in pulse-induced startle reaction on prepulse-pulse trials rel-
ative to the reaction in the pulse-alone trials, were calculated by
two different methods: (1) Proportional (percentage) reduction of
the startle amplitude (%PPI) based on the nontransformed startle
amplitude data by the formula [1 – R(prepulse-pulse)/R(pulse-
alone)]  100%, where “R” denotes the individual mean peak
amplitude of the startle reaction. (2) Absolute difference score PPI
by subtracting the peak amplitude elicited by prepulse-pulse trials
from the amplitude elicited by the respective pulse-alone trials
(i.e., [R(pulse-alone) – R(prepulse-pulse]). Absolute difference
score PPI was calculated based on nontransformed (PPIabs) and
ln-transformed (PPIabsLN) startle amplitude data separately. The
analysis of PPI using a 2  3  2 (group  pulse intensity 
prepulse intensity) repeated measures ANOVA, although the most
fitting and appropriate ANOVA design according to the session
definition, turned out to be suboptimal for the analysis of the
present data set, because only three out of 17 subjects of the low
group exhibited reliable startle reaction in regard to the lowest (95
dBA) stimulus condition. However, a reliable startle reaction elic-
ited by pulse-alone stimuli is a prerequisite for a meaningful
calculation of PPI. While all subjects of both groups showed
reliable startle to the 115 dBA pulse stimulus, five subjects of the
low group did not exhibit a reliable startle reaction in respect to the
105 dBA pulse stimulus. Therefore, PPI was analyzed by a 2 
2  2 (group  pulse intensity  prepulse intensity) repeated
measures ANOVA only including the 105 and 115 dBA condi-
tions, under exclusion of the five subjects lacking reliable startle
toward the 105 dBA pulse stimulus. Subsequently, the result was
verified separately for 115 dBA conditions, which allowed the
inclusion of all the subjects, by a repeated measures ANOVA with
the within-factor prepulse stimulus intensity and the between-
subjects factor group.
Potential linear relationship between PPI and startle reactivity
was investigated by Pearson correlations using the startle amplitudes
values derived from Session 1, limited to the three pulse stimulus
intensities used in Session 2 (95, 105, and 115 dBA) for the calculation
of PPI. This correlational approach including two independent test
sessions enjoys the advantage that the startle measures and the PPI
measures were derived from two independent sessions, and there-
fore operationally by-passing the issue related to the fact that the
startle measure (one variable in the correlation) was used also for
the calculation of the other variable (the PPI index). The correla-
tions were conducted separately between PPI indexed as percent
inhibition or absolute difference scores (PPIabs, PPIabsLN) and the
baseline startle amplitudes used for the calculation of the respec-
tive indexation of PPI. The correlations were based on the data
from all 51 subjects, but for each pulse stimulus intensity condi-
tion, only subjects exhibiting reliable startle toward that pulse-
alone condition were included.
Fisher’s LSD post hoc pairwise comparison was used to exam-
ine the patterns of significant between-subjects factors. Because of
the high number of startle versus PPI correlations (in total 18)
examined, the significance level for Pearson correlations was set to
p  .003. For the other statistical tests the significance level was
set to p  .05.
Results
Demographic and Neuropsychological Characteristics
Demographic characteristics of the low and high startle group
are given in Table 1. The two groups did not differ in age, smoking
habits or SCL-90 global indices (GSI, PST, and GSDI). Moreover,
none of the nine SCL-90 symptom scales revealed any significant
difference between the two groups by one-way ANOVA.
Session 1
Pulse reactivity. As intended, the stratification of the subjects
according to their startle reactivity led to a highly significant
difference in startle reactivity between the low and high groups
[F(1, 32)  148.76, p  .0001]. Moreover, there was a significant
main effect of stimulus intensity [F(9, 288)  276.81, p  .0001],
and the group  stimulus intensity interaction also attained sig-
nificance [F(9, 288)  20.06, p  .0001]. Dunnett’s test of the
startle reactivity with the ns condition as control revealed that the
low groups’ pulse reactivity was significantly elevated from base-
line level at stimulus intensities of 95 dBA and above (all p 
.0001), whereas the high group already exhibited significant reac-
tion at stimulus intensities of 75 dBA and above (all p  .0001)
(see Figure 1).
Session 2
Pulse-alone reactivity. The 2 4 (group stimulus conditions)
repeated measures ANOVA including the pulse-alone conditions of
95, 105, 115 dBA and the ns condition resulted in a significant main
effect of group [F(1, 32)  122.17, p  .0001] and stimulus condi-
tions [F(3, 96) 279.76, p .0001]. As expected, stronger reaction
was obtained with higher pulse stimulus intensity. Moreover, the
interaction of the two factors achieved statistical significance [F(3,
96)  20.78, p  .0001]. Post hoc pairwise comparisons indicated
Figure 1. Startle reactivity (ln-transformed) of the low (n 17) and high
(n  17) startle groups obtained in the first test session. ‘ns’ refers to 70
dBA background noise. ‘*’ indicates significant difference in pulse-
reactivity compared to the ns condition of the same group. Error bars refer
to  SEM.
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that the low and high groups differed significantly in their startle
reactivity in all pulse-alone stimulus conditions [all p  .0001],
but they did not differ in their baseline reactivity as derived from
ns trials [p  .13] (Figure 2a). These results indicated that the
group stratification based upon the startle reactivity in the first
session persisted into Session 2, and that the two groups remained
well separated.
Prepulse-elicited reaction (PPER). A separate ANOVA based
on the ln-transformed startle data was used to analyze the reactiv-
ity obtained on prepulse-alone trials (78 or 86 dBA) and ns trials
with the repeated measures (within-subject factor) prepulse inten-
sity and the between-subjects factor group. There was a significant
main effect of group [F(1, 32)  18.97, p  .001] and prepulse
intensity [F(2, 64)  11.23, p  .0001]. Furthermore, their inter-
action was also significant [F(2, 64) 8.92, p .001] (Figure 2b).
Post hoc pairwise comparison revealed that the high group’s PPER
differed significantly from the ns conditions at both prepulse
intensities [78 dBA: p  .05; 86 dBA: p  .0001]. However, this
Figure 2. (a) Startle reactivity (ln-transformed) of the low (n  17) and high (n  17) startle groups obtained
in the second test session. ‘ns’ refers to 70 dBA background noise. ‘*’ indicates significant difference in startle
reactivity between the two groups based on post hoc analysis performed following significant interaction
between the factors “group” and “pulse-alone intensity.” (b) Prepulse elicited reactivity (ln-transformed) of the
low (n  17) and high (n  17) startle groups. ‘*’ indicates significant reactivity above baseline as obtained on
the ns condition based on post hoc analysis performed following significant interaction between the factors
“group” and “prepulse intensity.” Error bars refer to  SEM.
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was not the case for the low startle group that showed no signif-
icant PPER. The low and high groups did not differ significantly
in their reaction to the ns stimulus.
Prepulse inhibition (PPI). First, PPI as indexed by percent
startle reduction (%PPI) was compared between the low (n  12)
and high (n  17) startle groups by a 2  2  2 (group  pulse
intensity  prepulse intensity) repeated measures ANOVA. This
analysis revealed significant main effects of groups [F(1, 27) 
4.67; p  .05], pulse intensity [F(1, 32)  6.78; p  .05], and
prepulse intensity [F(1, 27)  60.88; p  .0001]. None of the
interactions among these factors reached significance. As illus-
trated in Figure 3, the low startle group exhibited stronger %PPI
compared to the high startle group, and the more intense prepulse
generated stronger %PPI than the weaker prepulse stimulus. Com-
parison between the two pulse intensities showed that %PPI was
more prominent in the 105 dBA conditions than in the 115 dBA
conditions. This effect of pulse intensity on %PPI is in agreement
with our previous demonstration of a monotonic dependency of
%PPI on the startle eliciting stimulus intensity (Csomor et al.,
2006).
A subsequent analysis restricted to the 115 dBA conditions,
allowing the inclusion of all the subjects in the low startle group
(n  17), revealed similar results: The respective 2  2 (group 
prepulse intensity) repeated measures ANOVA revealed a signif-
icant main effect of groups [F(1, 32)  4.27; p  .05], with the
low group exhibiting stronger %PPI compared to the high group
[low group: 57.8  5.7% (78 dBA), 73.3  4.9% (86 dBA); high
group: 41.1  5.3% (78 dBA), 59.4  6.1% (86 dBA)]. Moreover,
the more intense (86 dBA) prepulse generated stronger PPI than the
weaker (78 dBA) prepulse stimulus, leading to a highly significant
main effect of prepulse intensity [F(1, 32)  53.87, p  .0001].
The interaction between the factor group and prepulse stimulus
intensity was not significant.
Analysis of absolute difference score PPI based on the ln-
transformed data (PPIabsLN) by a 2  2  2 (group  pulse
intensity  prepulse intensity) repeated measures ANOVA re-
vealed very similar pattern of results as obtained from the analysis
using %PPI. As illustrated in Figure 4a, the low startle group
showed more prominent PPIabsLN compared to the high group.
Although the main effect of group just escaped statistical signifi-
cance [F(1, 27)  3.94; p  .06], the main effects of pulse
intensity [F(1, 27)  10.27; p  .01] and prepulse intensity [F(1,
27)  59.68; p  .0001] were highly significant. The analysis
allowing the inclusion of all the subjects of the low group (n 17)
by a 2  2 (group  prepulse intensity) repeated measures
ANOVA limited to 115 dBA pulse conditions revealed a signifi-
cant main effect of group [F(1, 32)  5.55; p  .05] and of
prepulse intensity [F(1, 32)  61.39; p  .0001], but not of the
group  prepulse intensity interaction. These results confirmed
that the low startle group is associated with a higher PPIabsLN score
compared to the high group.
In contrast to the analysis using %PPI and PPIabsLN, the absolute
difference score PPI based on the nontransformed data (PPIabs)
gave a completely opposite picture on the comparison between the
low and high startle groups. The high group exhibited significantly
more prominent PPIabs compared to the low group. In both anal-
yses, with or without the inclusion of the 105 dBA pulse condi-
tions, the main effects of group [P105 & P115: F(1, 27)  13.62;
p  .001, P115-only: F(1, 32)  17.67; p  .001], prepulse
intensity [P105 & P115: F(1, 27)  34.81; p  .0001, P115-only:
F(1, 32)  38.48; p  .0001], and their interaction [P105 & P115:
F(1, 27)  16.78; p  .001, P115-only: F(1, 32)  16.40; p 
.001], were significant. Furthermore, the main effect of pulse stimulus
intensity was significant [F(1, 27)  8.53; p  .01] in the analysis
including the 105 and 115 dBA pulse conditions (Figure 4b).
It is important to note that although the same statistical factors
reached significance as in the analysis of %PPI or PPIabsLN, the
direction of the group difference was opposite in the analysis of
PPIabs. The low group exhibited stronger sensorimotor gating
when indexed as %PPI or PPIabsLN. In contrast, when PPI was
Figure 3. Percent prepulse inhibition of the low (n  12) and high (n  17) startle groups at four different
prepulse-pulse combinations. Error bars refer to  SEM.
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expressed as PPIabs the high group exhibited stronger PPI. Simi-
larly, opposing conclusions also emerged when the influence of the
pulse stimulus intensity on PPI was considered. The three indices
of PPI only agreed in the direction of the prepulse intensity effect.
Correlative analysis. To investigate potential linear relation-
ship between PPI and startle reactivity Pearson correlations were
performed. The correlations were conducted between baseline
startle amplitudes derived from Session 1 and the various PPI
indexations (see statistical analysis section).
PPIabs was significantly correlated with the startle reactivity
derived from the first session in four out of the six possible
prepulse-pulse conditions. In contrast, no significant correlation
was observed when sensorimotor gating was expressed as %PPI or
PPIabsLN (Table 2). No significant correlations were obtained
between PPI and SCL-90 scores or between startle amplitudes and
SCL-90 scores.
Analysis of pulse conditions generating comparable baseline
startle. To further investigate the possible influence of baseline
startle reactivity on sensorimotor gating, PPI from stimulus con-
ditions in which the low and high groups did not significantly
differ in their startle reactivity were compared. Visual inspection
of the startle data derived from Session 1 (see Figure 1) suggested
Figure 4. Absolute difference score PPI from ln-transformed (a) and nontransformed (b) startle data of the low
(n  12) and high (n  17) startle groups at four different prepulse-pulse combinations. Error bars refer to  SEM.
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that the high group’s startle reactivity toward the 95 dBA pulse was
within the same range as the low group’s startle reactivity elicited
by the 115 dBA pulse. Indeed, an one-way ANOVA comparing 95
dBA pulse-alone elicited startle reactivity of the high group to the
115 dBA pulse alone elicited startle reaction of the low group did
not result in a significant group difference [p  .3]. The corre-
sponding 2  2 (group  prepulse intensity) repeated measures
ANOVA revealed no significant main effect of group either for
%PPI [p  .32], PPIabs [p  .17] or PPIabsLN [p  .17]. However,
for all three different indices of PPI the main effect of prepulse
intensity reached significance [%PPI: F(1, 31)  12.54, p  .005;
PPIabs: F(1, 31)  9.77, p  .01; PPIabsLN: F(1, 31)  29.71, p 
.0001], thus more intense prepulse stimuli consistently generated
stronger PPI across all three indices.
Summary Experiment 1
The results from Experiment 1 conducted in healthy human
volunteers have shown that the three methods of PPI indexation
were significantly affected by differences in the magnitude of the
baseline startle reaction. Although %PPI and PPIabsLN, despite the
lack of a significant correlation with baseline startle amplitude,
were more prominent in the group exhibiting low startle reaction,
PPIabs was more pronounced in the group exhibiting high startle
reaction. In addition, PPIabs was the only method of PPI indexation
that was significantly correlated with startle reactivity. Impor-
tantly, when pulse stimulus conditions between the two groups
were compared, so that the groups did not significantly differ in
their startle reactivity, the significant between group differences in
PPI also vanished, regardless of the method used to index PPI.
To verify this conclusion, a similar analysis was conducted in a
data set derived from an earlier study (Yee, Chang, Pietropaolo, &
Feldon, 2005) conducted in inbred C57BL/6 mice (Experiment 2).
Experiment 2 (Mice)
Method and Materials
The animal data were derived from a previously published study
investigating the effect of pulse- and prepulse stimulus intensity on
PPI in a homogenous set of experimental naı¨ve male C57BL/6
mice without any treatment (Yee, Chang, Pietropaolo, & Feldon,
2005). The data are reanalyzed here to parallel the analysis of
Experiment 1 conducted in human volunteers. Details of the mice,
session definition, and recording procedures have been described
in details elsewhere (Yee, Chang, Pietropaolo, & Feldon, 2005).
Briefly, 102 experimentally naive adult C57BL/6 mice were ob-
tained from Charles River Laboratories (Germany). They were
kept under a reversed 12 h:12 h light—dark cycle, maintained on
an ad lib diet throughout the entire experiment. They had been
acclimatized to the laboratory housing condition for two weeks
before behavioral testing began. All tests were conducted in the
dark phase of the light—dark cycle. The Cantonal Veterinary
Authority of Zurich had approved all manipulations reported here.
Whole-body startle response was measured using four commer-
cially available startle chambers for mice (SR-LAB, San Diego
Instruments, San Diego, CA). Vibrations of the Plexiglas enclosure
caused by the whole-body startle response of the animal were
converted into analogue signals by a piezoelectric unit attached to
the platform. These signals were digitized and stored by a com-
puter. A total of 130 readings were taken at 0.5-ms intervals (i.e.,
spanning across 65 ms), starting at the onset of the startle stimulus
in pulse-alone and prepulse-pulse trials, and at the onset of the
prepulse stimulus in prepulse-alone trials. The average amplitude
(in arbitrary units) over the 65 ms was used to determine the
stimulus reactivity.
The test session was composed of a mixture of pulse-alone
trials, prepulse-pulse trials, prepulse-alone trials, and ns trials. All
stimuli and the background noise consisted of broadband white
noise and were presented by a high-frequency loudspeaker
mounted directly above the animal enclosure. The background
noise was set at 65 dBA. Three different intensities of pulse (100,
110, and 120 dBA) and three intensities of prepulse stimuli (71, 77,
and 83 dBA) were employed. All pulses were 40 ms in duration,
and all prepulses were of 20 ms duration. Rise and fall time of the
stimuli were less than 1 ms. The SOA between the prepulse and
pulse stimuli on prepulse-pulse trials was 100 ms. The session
began with a 2-min period of acclimatization to the background
noise. The first six trials consisted of pulse-alone trials, comprising
two trials of each of the three possible pulse intensities. These
trials served to habituate and stabilize the animals’ startle response,
and were not included in the analysis. Subsequently, the animals
were presented with 10 blocks of discrete test trials. Each block
consisted of the following: three pulse-alone trials (100, 110, or
120 dBA), three prepulse-alone trials (71, 77, and 83 dBA), and the
nine possible combinations of prepulse-pulse trials, and one ns-
trial. The 16 discrete trials within each block were presented in a
pseudorandom order, with a variable ITI of a mean of 15 s.
Statistical Analysis
Animals were subdivided into three groups of equal size (n 
34) according to their average startle reaction on all pulse-alone
Table 2
Pearson Correlation Coefficient From the Various Correlations Between PPI and Startle Reactivity (Experiment 1)
Pulse intensity (dB)
Prepulse intensity 78 dB Prepulse intensity 86 dB
%PPI PPIabs PPIabsLN %PPI PPIabs PPIabsLN
95 [n  24] 0.52 0.26 0.27 0.16 0.66 0.05
105 [n  43] 0.30 0.13 0.26 0.14 0.62 0.03
115 [n  51] 0.18 0.54 0.25 0.27 0.39 0.22
Values those are significant ( p  .003) are in bold.
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trials (100, 110, or 120 dBA). The distribution of the startle data
in all stimulus conditions was highly positively skewed and this
was further accompanied by a significant heterogeneity of vari-
ance. Therefore, the startle data was ln-transformed, which
normalized the distribution of the data set. Similarly as de-
scribed for Experiment 1, the middle group was excluded from
subsequent between-groups analyses. The two groups’ mean
startle reaction (in arbitrary units, [AU]) averaged across all
three pulse intensities was: 3.94  0.07 AU (nontransformed:
39.51  1.47 AU) and 4.53  0.08 AU (nontransformed:
117.62  5.02 AU), respectively.
Pulse-alone elicited reaction. The mean startle reactivity (ln-
transformed) to each of the three pulse stimulus intensities and
to the ns trials was calculated for each animal and subjected to
a repeated measures ANOVA with four levels of pulse stimulus
intensities (ns, 100, 110, 120 dBA) as described before in
Experiment 1.
Prepulse inhibition (PPI). The different methods of PPI in-
dexation are identical to those described for Experiment 1. Anal-
ysis of %PPI and absolute difference score PPI was conducted by
a 2  3  3 (group  pulse intensity  prepulse intensity)
repeated measures ANOVA, separately for the three different PPI
indices (%PPI, PPIabs, PPIabsLN).
Possible linear relationships between a PPI index and startle
reactivity were investigated by Pearson correlations similarly as
described in Experiment 1. However, since only one experimental
session was conducted in mice, the correlation between startle
amplitudes and PPI was conducted with data derived from the
same test session.
Because of the high number of correlations performed between
startle and PPI index (in total 27), the significance level for
Pearson correlations was set to p  .001. For the other statistical
tests the significance level was set to p  .05.
Results
Pulse-alone reactivity. As expected because of the splitting of
the animals according to their startle reaction, the 2  4 (group 
stimulus conditions) repeated measures ANOVA including the
pulse-alone conditions of 100, 110, 120 dBA and the ns condition
resulted in a highly significant main effect of group [F(1, 66) 
119.54, p .0001] (see Figure 5). Moreover, stronger reaction was
elicited by more intense pulse stimulus [main effect of stimulus
intensity: F(3, 198)  719.16, p  .0001]. Furthermore, the
interaction between the factors group and stimulus conditions
turned out to be significant [F(3, 96) 35.97, p .0001]. Post hoc
pairwise comparisons indicated that the low and high group dif-
fered significantly in all stimulus conditions [all p  .0001],
except in the ns trials [p  .14] (see Figure 5).
Prepulse inhibition. PPI as indexed by percent startle reduction
(%PPI) was subjected to a 2  3  3 (group  pulse intensity 
prepulse intensity) repeated measures ANOVA. Main effects of group
[F(1, 66)  7.49; p  .01], pulse stimulus intensity [F(2, 132) 
11.79; p  .0001] and prepulse stimulus intensity [F(2, 132) 
8.42; p  .001] were significant. %PPI increased with rising
prepulse stimulus intensity and was more prominent in the lowest
(100 dBA) pulse intensity condition than in the middle (110 dBA)
and high (120 dBA) condition. Moreover, the interaction between
the factors group and pulse stimulus intensity reached significance
[F(2, 132)  8.42; p  .001]. Post hoc pairwise comparison on
this interaction revealed that the low startle group exhibited sig-
nificantly higher %PPI in the 110 dBA [p  .0001] and 120 dBA
[p  .01] pulse intensity conditions, while there was no difference
between the two groups at the lowest (100 dBA) pulse condition
(see Figure 6).
Again, as was seen in Experiment 1, the analysis of PPIabsLN
yielded very similar conclusions in comparison to the analysis
Figure 5. Startle reactivity (ln-transformed) of the low (n  34) and high (n  34) startle groups obtained in
Experiment 2 conducted in mice. ‘ns’ refers to 65 dBA background noise. ‘*’ indicates significant difference in
startle reactivity between the two groups based on post hoc analysis performed following significant interaction
between the factors “group” and “pulse-alone intensity.” Error bars refer to  SEM.
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based on %PPI. The low group exhibited enhanced PPIabsLN
compared to the high group [main effect of group: F(1, 66) 5.40;
p  .05], PPI increased with rising prepulse stimulus intensity
[main effect of prepulse intensity: F(2, 132) 124.00; p .0001],
and decreased with rising pulse stimulus intensity [main effect of
pulse intensity: F(2, 132)  18.24; p  .0001] (Figure 7a).
In parallel to Experiment 1, the analysis of PPIabs yielded a
completely opposite conclusion compared to %PPI and PPIabsLN.
According to this PPI index, the high startle group exhibited
substantially more PPI than did the low startle group [main effect
of group: F(1, 66)  44.53; p  .0001] (Figure 7b). While PPIabs
was still increasing with rising prepulse stimulus intensity [main
effect of prepulse intensity: F(2, 132) 113.83; p .0001], PPIabs
also increased as a function of pulse stimulus intensity [main effect
of pulse intensity: F(2, 132)  49.29; p  .0001].
PPIabs was significantly correlated with startle reactivity in all
nine PPI conditions. In contrast, no significant correlation was
observed when sensorimotor gating was expressed as %PPI and
only two correlations reached significance when PPI was ex-
pressed as PPIabsLN (Table 3).
Summary Experiment 2
The results from this experiment conducted in mice were in
perfect agreement with the findings derived from the human ex-
periment. The same between-groups differences with respect to the
various indexations of PPI were found to be significant, although
in contrast to Experiment 1 baseline startle reactivity and PPI were
assessed within the same test session. Therefore, the present find-
ings provided further support to the translational power of the PPI
paradigm between human and rodent research regarding a major
parameter, namely baseline startle reactivity.
Discussion
The present study demonstrated a dependency of PPI on the
level of the baseline startle reactivity in healthy human volun-
teers and in mice, regardless of the methods used to index PPI.
Both PPI expressed as percent reduction of the startle reaction
and indexed as absolute difference score were affected by the
magnitude of the baseline startle reactivity. %PPI and absolute
difference score PPI based on ln-transformed (and therefore
normally distributed) startle data both indicated stronger PPI
in the group exhibiting lower baseline startle reactivity. In
contrast, when absolute difference score PPI was calculated
from nontransformed (and therefore positively skewed) startle
data, the group exhibiting higher startle showed a more prom-
inent PPI effect. Another clear divergence between the different
methods of PPI indexation reflected their linear relationship
with the baseline startle magnitude; while %PPI and PPIabsLN
were weakly or not correlated with startle reactivity, PPIabs was
strongly and positively correlated with the magnitude of the
baseline startle reaction. These results were largely in agree-
ment between human and animal data confirming the transla-
tional nature of PPI. If pulse stimulus conditions between the
low and the high group were compared, so that the two groups
did not significantly differ in their startle reactivity, the signif-
icant difference between groups in PPI vanished, regardless of
the methods used to index PPI.
Figure 6. Percent prepulse inhibition of the low (n  34) and high (n  34) startle groups in mice at nine
different prepulse-pulse combinations. Error bars refer to  SEM.
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Percent Measures: Correcting for Imbalance Between
Groups at Baseline?
To disentangle the magnitude of PPI from variability in baseline
startle reactivity researchers often quantify sensorimotor gating as
a ratio between startle amplitude elicited in prepulse-pulse trials
and pulse-alone trials (Blumenthal, Elden, & Flaten, 2004), com-
monly expressed as %PPI. Indeed, it has been emphasized that
%PPI is relatively insensitive to divergent startle reactivity be-
tween groups (Ison, Bowen, Pak, & Guiterrez, 1997) and the
correlational relationship to startle reactivity is very weak even
when attaining statistical significance (Blumenthal, Elden, &
Flaten, 2004; Ison, Bowen, Pak, & Guiterrez, 1997; Yee, Chang,
Pietropaolo, & Feldon, 2005). However, although there were also
Figure 7. Absolute difference score PPI from ln-transformed (a) and nontransformed (b) startle data of the low (n 34)
and high (n  34) startle groups in mice at nine different prepulse-pulse combinations. Error bars refer to  SEM.
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no such significant correlations found in the present study, the high
and low startle groups differed significantly on %PPI in the human
as well as in the animal experiments. Moreover, this finding is in
line with our previous publications showing a dependency of the
startle eliciting stimulus intensity on %PPI in humans (Csomor et
al., 2006) and rodents (Yee, Chang, Pietropaolo, & Feldon, 2005).
Also in the present report, pulse-alone stimulus intensity was
inversely related to %PPI, implying that under low startle eliciting
stimulus intensity (95 dBA) the magnitude of %PPI generated by
the same prepulse was more prominent than under high (115 dBA)
pulse stimulus intensity in humans. The same dependency was
revealed in Experiment 2 conducted in mice, where %PPI was
lower in the 120 dBA conditions than in the 110 or 100 dBA
conditions. In agreement with our observation that reduced startle
amplitude is accompanied by enhanced %PPI, Hince and Martin-
Iverson (2005) found that %PPI appeared to be affected by startle
reactivity in two rat strains differing in the magnitude of the startle
reaction. The rat strain that exhibited lower startle reactivity
showed higher levels of %PPI. It can be concluded that percent
change from baseline startle reactivity does not necessarily correct
for imbalance between groups at baseline (also see Vickers, 2001).
To systematically investigate the influence of baseline startle
reactivity on PPI the sole criterion for the formation of two groups
was based on the subject’s baseline startle reaction itself. How-
ever, significant differences in startle reactivity caused by the
treatment of interest or severely altered in the patient group under
investigation can be readily found within existing PPI literature.
Numerous publications report an enhancement of %PPI along with
a reduction of startle amplitude, or an attenuation of %PPI accom-
panied by an increase in startle reactivity. For example, patients
with panic disorder (Ludewig et al., 2005) or autism (Perry,
Minassian, Lopez, Maron, & Lincoln, 2007) showed deficient
%PPI while exhibiting enhanced startle reactivity. Furthermore,
both, clozapine (Vollenweider, Barro, Csomor, & Feldon, 2006)
and S-ketamine (Abel, Allin, Hemsley, & Geyer, 2003; Duncan
et al., 2001; Heekeren et al., 2007) reduced startle in healthy
volunteers whereas at the same time enhanced %PPI. Heekeren et
al. (2007) correctly concluded that the dramatic reduction in startle
reactivity triggered by S-ketamine might have contributed to the
enhancement of %PPI. Similarly, Yee, Russig, and Feldon (2004)
also speculated that the significant disrupting effect of amphet-
amine on %PPI in mice might represent an artifact intrinsic to the
calculation of the percentage measure because of an elevation in
baseline startle reactivity caused by the drug treatment. In addition,
factors such as age (Ellwanger, Geyer, & Braff, 2003) and gender
(Aasen, Kolli, & Kumari, 2005) that have been shown to influence
pulse-alone startle reactivity, have been reported to affect %PPI.
Maslova, Bulygina, and Popova (2002) reported attenuated base-
line startle accompanied with higher levels of %PPI in ISIAH rats
compared to Wistar rats. Similarly, Brattleboro rats that were
deficient in %PPI in comparison to Long Evans rats showed in
parallel enhanced baseline startle reactivity (Feifel & Priebe,
2001). However, it should be noted that many publications also
report a significant difference in %PPI within psychiatric condi-
tions in the absence of a significant startle difference or a modi-
fication of %PPI by treatments that do not alter the magnitude of
the startle amplitude. Most importantly, deficient PPI in schizo-
phrenia spectrum disorders, the most prominent domain of PPI
research, seems not to be associated with a significant and consis-
tent change in baseline startle reaction (but also see Ludewig,
Geyer, & Vollenweider, 2003). Nevertheless, the present report is
aimed at stressing the importance of a critical evaluation of the
data, whenever changes in sensorimotor gating (expressed in
%PPI) are confounded by a substantial variability in baseline
startle amplitude, and that the use of a percent measure does not
necessarily correct for such an imbalance at baseline.
Baseline Startle Reaction as a Covariate: The Use of
ANCOVA as a Second Screening
ANCOVA with the baseline startle amplitude serving as the co-
variate seems an obvious solution to take into account the startle
difference between groups (Aasen, Kolli, & Kumari, 2005; Duncan et
al., 2003; Frankland et al., 2004; Vollenweider, Barro, Csomor, &
Feldon, 2006; Weike, Bauer, & Hamm, 2000; Yee, Russig, & Feldon,
2004;). However, the use of ANCOVA for this purpose may not be
entirely appropriate: ANCOVA assumes the absence of a significant
baseline difference of the covariate between the groups under com-
parison. According to Chapman and Chapman (1973), the use of
ANCOVA is only legitimate for reducing variability of scores in
groups that vary randomly and its use is invalid for preexisting
disparate groups that differ on the variable to be covaried out. These
facts are not widely recognized in the psychopathology literature and
as a consequence ANCOVA is very often misused (Miller & Chap-
man, 2001). The most dramatic demonstration of such an abuse of
ANCOVA when it comes to the correction of baseline differences
between groups is known as Lord’s Paradox (Lord, 1967). Lord
described a situation where males and females were weighed twice at
time points a year apart. Although males had a significantly higher
body weight at Time 1, both groups gained an identical amount of
weight over the one year period. When ANCOVA with the baseline
weight serving as the covariate was used to analyze differences in
weight gain between the two groups, males with the higher baseline
weight, were found to increase more than females. However, as the
Table 3
Pearson Correlation Coefficient From the Various Correlations Between PPI and Startle Reactivity (Experiment 2)
Pulse intensity (dB)
Prepulse intensity 71 dB Prepulse intensity 77 dB Prepulse intensity 83 dB
%PPI PPIabs PPIabsLN %PPI PPIabs PPIabsLN %PPI PPIabs PPIabsLN
100 [n  102] 0.21 0.70 0.27 0.25 0.77 0.39 0.29 0.87 0.37
110 [n  102] 0.02 0.52 0.02 0.09 0.58 0.06 0.02 0.68 0.12
120 [n  102] 0.03 0.57 0.03 0.22 0.72 0.19 0.33 0.74 0.25
Values those are significant ( p  .001) are in bold.
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absolute amount of weight gain was identical between the two groups,
this outcome is labeled as Lord’s Paradox. However, there is a
conceptual difference between the use of ANCOVA in the case of
Lord’s Paradox and its use in most of the PPI literature. In the
situation of Lord’s Paradox, the ANCOVA results in a significant
group difference despite the fact that both groups gain the same
absolute amount of weight, thus producing what may be considered as
a Type I error. In the PPI literature, ANCOVA with baseline startle
amplitude often serves the purpose of a second screening of the results
in the presence of an already existing significant group difference as
indicated by a preceding ANOVA on %PPI. If groups under inves-
tigation still significantly differ using the ANCOVA approach, it is
argued that one can conclude that the significant group difference in
%PPI cannot be solely attributed to preexisting divergent baseline
startle amplitude between groups. When applied to the data here,
ANCOVA with the baseline startle amplitude or AUC derived from
Session 1 serving as a covariate resulted in the absence of a significant
difference in %PPI between the low and high startle group. This result
is in agreement with the statistical outcome when the significant
divergence in startle reactivity between the groups was eliminated by
a comparison between the 95 dBA PPI conditions in the high startlers
to the 115 dBA conditions in low startle group. In conclusion, al-
though the use of ANCOVA here is not entirely in line with its
original purpose because one cannot assume the absence of a signif-
icant baseline difference in the covariate, it could be used as a second
screening to verify the results derived from a preceding ANOVA on
%PPI.
Absolute Difference Score PPI: The Problem
of Skewed Distributions
Braff, Geyer, and Swerdlow (2001) stated that both percent and
difference scores have their appropriate uses, and can be utilized
together to obtain a full assessment of PPI. Similarly, Schwarz-
kopf, McCoy, Smith, and Boutros (1993) concluded that %PPI and
PPI based on the absolute difference score may provide comple-
mentary information. These statements are questionable in view of
the present results. Absolute difference score PPI and %PPI led to
opposite conclusions and thus complicated rather than simplified
the interpretation of the data; whereas %PPI was more prominent
in the low startle group, PPIabs was more pronounced in the group
exhibiting high baseline startle reactivity. How should one decide
what to conclude and report under such circumstances?
It is widely recognized that the distribution of raw startle am-
plitudes is positively skewed. The skewed distribution of startle
amplitudes is the consequence of mean values being relatively low
in comparison to the variance, and the fact that the values cannot
be negative. As stated in the method section such deviations from
normality not only violate an assumption of parametric ANOVA,
but can also considerably reduce the statistical power of the F test.
However, the issue of a skewed distribution becomes a critical
problem in the calculation of absolute difference scores from
baseline under the presence of a baseline difference between
groups. With a skewed distribution, it has been shown that the
amount of change is dependent on the baseline level: With a
positively skewed distribution, higher scores change more than
lower scores and in the situation of a negatively skewed distribu-
tion, the opposite occurs. In other words, values in the tail of a
skewed distribution change more than scores in the head of the
distribution (Jamieson, 1999) (see Figure 8). As a consequence,
two groups differing in baseline startle amplitude can be expected
to change differently, simply because of the skewness of the startle
measures distribution. That the absolute change of startle ampli-
tude is a function of the baseline startle is in line with the signif-
icant correlations between PPIabs and startle amplitude elicited by
pulse-alone stimuli. Often these correlations account for a large
proportion of the variance (Ison, Bowen, Pak, & Guiterrez, 1997;
Blumenthal, Elden, & Flaten, 2004; Schwarzkopf, McCoy, Smith,
& Boutros, 1993). Regarding the results of the present study, it can
be safely concluded that PPIabs is considerably biased by group
difference in baseline startle amplitude. The results that the high
startle group, in the human as well as in the animal experiment,
exhibited significantly more absolute difference score PPI is actu-
ally entirely predicted by the startle data distribution.
A possible solution to overcome the biasing effect of the skewed
distribution is simply to apply an appropriate nonlinear transfor-
mation to correct for the skewed distribution and then subse-
Figure 8. Positively skewed frequency distributions as commonly observed in startle reactivity data (solid line:
pulse-alone startle distribution; dotted line: prepulse-pulse startle distribution). The skewness of the distributions
changes as the mean reduces from the pulse-alone to the prepulse-pulse conditions. In absolute terms, values near
the tail of the distribution (A1, A2) change more than values near the head (B1, B2).
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quently apply the difference score measure on the transformed
values. In the present study, normal distribution of the startle data
has been achieved by applying a ln-transformation. However, the
difference between the low and high startle groups did not vanish
when PPI was indexed as PPIabsLN. Indeed, after “purifying” the
data from the biasing effect of the positively skewed distribution,
the low startle group showed enhanced PPI compared to the high
startle group, a statistical outcome very similar to that based on the
%PPI analysis. This can be explained by the fact that the
difference between two ln-transformed values reflects the ln of
the ratio between the two values, that is, ln(Amplitudepulse-alone) -
ln(Amplitudeprepulse-pulse)  ln(Amplitudepulse-alone/
Amplitudeprepulse-pulse). Hence, the PPIabsLN reflects a transformed
expression of relative PPI, conceptually similar to the %PPI mea-
sure. Consequently, the statistical outcome between %PPI and
PPIabsLN is very much in agreement with each other. In summary,
it can be concluded that it is of principal importance to transform
the startle data into a normal distribution before the calculation of
absolute difference score PPI, as this method of PPI indexation is
highly susceptible to biases because of a skewed data distribution.
Recommendations
The present study puts forward that the analysis of PPI data and the
interpretation of the results need special care, especially if the groups
under investigation differ in their reactivity to pulse-alone stimuli. As
a rule of thumb, investigators should first of all critically examine the
raw startle data and the %PPI data, including an evaluation of the
distribution properties of these data sets to allow sound application of
statistics. If startle data follow a skewed distribution, which is very
likely, it is of great importance to apply a transformation such that the
startle data conforms more closely to the normality assumption. Ab-
solute difference score PPI should then be calculated exclusively from
normally distributed (i.e., transformed) startle data set otherwise the
results would be heavily biased by the skewed distribution.
ANCOVA with the baseline startle amplitude serving as the covariate
should be used only as a second screening if the initial ANOVA
revealed a significant difference between groups under comparison.
An ANCOVA in the case of no significant group differences (as
derived from a preceding ANOVA) in the presence of a significant
difference in respect to the covariate between the groups under com-
parison should be avoided because of possible inflation of Type I error
rate.
It has long been recognized by previous researchers that differ-
ences in baseline startle reactivity can complicate or confound the
interpretation data, and that it is desirable to overcome such
differences (Hoffman & Searle, 1965, 1968). To take into account
the individual variability in startle reactivity, first the startle thresh-
old of each subject was determined and then the stimulus intensity
of the succeeding experiment was defined with respect to an
individuals’ threshold. This procedure ensured that the pulse stim-
ulus would generate similar levels of reactivity in all subjects.
However, this approach has largely been discontinued, with the
majority of experimental investigations in the PPI literature relying
on a single “standardized” pulse intensity for all subjects. How-
ever, the early method of “titration” would require considerable
effort and is hardly feasible in studies involving patients or various
pharmacological challenges. Importantly, the present findings re-
inforce our earlier suggestion (Csomor, Vollenweider, Feldon, &
Yee, 2005; Yee, Chang, Pietropaolo, & Feldon, 2005) to incorpo-
rate pulse stimulus intensity as a meaningful parametric variable in
addition to prepulse intensity and prepulse-pulse lead intervals that
are more commonly included in both human and animal PPI
research. As we stated in our previous study conducted in mice
(Yee, Chang, Pietropaolo, & Feldon, 2005), we highly recom-
mend, as a compromise to the above mentioned “titration method,”
a PPI session design with multiple pulse intensities as adopted
here. This would have the potential to enhance the interpretability
of the data and the consistency between studies, especially in the
presence of divergent baseline startle reactivity between groups or
caused by pharmacological interventions.
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Übersichtsartikel
Defizite der sensomotorischen
Filterleistung bei psychiatrischen
Erkrankungen
Boris B. Quednow
Neuropsychopharmakologie und Bildgebung, Psychiatrische Universitätsklinik Zürich
Zusammenfassung.Die Prpuls-Inhibition (PPI) des akustischen Schreckreflexes gilt als operationales Maß fr einen teils vorbewußten
attentionalen Filterprozeß, der auch als sensomotorischesGating bezeichnet wird. Die PPI wird durch ein cortico-striato-pallido-pontines
(CSPP) Netzwerk reguliert, welches frontale und mediotemporale Hirnareale, das ventrale Striatum, das ventrale Pallidum und pontine
Bereiche des Hirnstamms mit einbezieht. Verschiedene psychiatrische und neurologische Erkrankungen zeigen beeintrchtigte Gating-
Prozesse, doch insbesondere die konsistenten Befunde eines PPI-Defizits in der Schizophrenie haben dazu beigetragen, daß die Schi-
zophrenie heute auch als Filterstçrung verstandenwird.Die PPI hat sichmittlerweile als translationalesModell fr gestçrte Filterprozesse
in der Schizophrenie etabliert, da sie bei verschiedenen Versuchstieren abgeleitet werden kann und pharmakologisch manipulierbar ist.
Darber hinaus wurde die PPI als vielversprechender Endophnotyp, d.h. als Gen-naher biologischer Marker, der Schizophrenie vor-
geschlagen. Man erhofft sich von der Identifizierung solcher Endophnotypen eine verbesserte Entschlsselung der krankheitsmitver-
ursachenden Gene im Vergleich zu bislang nicht zielfhrenden genetischen Assoziationsstudien mit den komplexeren Krankheitsph-
notypen. Des Weiteren wird die Korrektur knstlich erzeugter PPI-Defizite bei Versuchstieren als Modell fr antipsychotische Wirk-
samkeit neu entwickelter Substanzen zur Behandlung der Schizophrenie genutzt. Der vorliegende Artikel soll einen berblick ber die
Anwendungsmçglichkeiten und Grenzen des PPI-Paradigmas in der klinischen und grundlagenorientierten psychologischen und
psychiatrischen Forschung geben.
Schlsselwçrter: Prpuls-Inhibition, akustischer Schreckreflex, Schizophrenie, Gating, Tiermodell, Endophnotyp, Antipsychotika
Sensorimotor gating deficits in psychiatric disorders
Abstract. Prepulse inhibition (PPI) of the acoustic startle response has been firmly established as an operational measure of sensorimotor
gating. PPI is regulated by a cortico-striato-pallido-pontine (CSPP) circuitry including frontal and mediotemporal brain regions, the
ventral striatum, the ventral pallidum and pontine regions of the brainstem. Several psychiatric and neurological disorders present
sensorimotor gating deficits. Especially the consistent findings of PPI deficits in schizophrenia patients have contributed to the view that
schizophrenia is an attentional gating disorder. Consequently, the PPI paradigm is used as a translational model of impaired early
information processes in schizophrenia because it is applicable in several laboratory animals and can be manipulated pharmacologically.
Moreover, PPI has been proposed as a promising candidate endophenotype, i. e. as a biological marker that is closely related to a genetic
basis. The identification of endophenotypes may have advantages for the elucidation of genetics of complex psychiatric phenotypes
compared to the common genetic association studies. Finally, the amelioration of drug-induced PPI deficits in rodents has been established
as an animal model for detecting antipsychotic activity. The present article reviews the applications and limitations of the PPI-paradigm in
clinical neuroscience.
Keywords: Prepulse inhibition, acoustic startle reflex, schizophrenia, sensorimotor gating, animal model, endophenotype, antipsychotics.
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Einleitung
Der Schreckreflex ist eine schnelle speziesbergreifende
Reaktion auf einen plçtzlichen und intensiven Stimulus, die
sich unter anderem in einer Kontraktion der Skelett- und
Gesichtsmuskulatur ausdrckt. Diese Reaktion, z.B. auf
laute Gerusche, helle Lichtblitze und unerwartete taktile
Stimulation, wird als Schutz- und Fluchtreflex verstanden.
Bei Sugern wird der akustische Schreckreflex (ASR)
durch eine simple Verschaltung dreier Neuronen im Hirn-
stamm vermittelt, wobei der Nucleus reticularis pontis
caudalis als zentrale Schaltstelle fr deszendierende Ein-
flsse auf den ASR fungiert (siehe Abbildung 1). Der
Schreckreflex zeigt verschiedene Formen der Plastizitt
wie etwa die Habituation, die affektive Modulation oder
die Prpuls-Inhibition (PPI) (Koch, 1999). Als PPI be-
zeichnet man die umfassende Verminderung des Schreck-
reflexes, die auftritt, wenn man in einem Zeitfenster von
30–500 ms vor einem schreckauslçsenden Stimulus einen
schwcheren Stimulus prsentiert, der selbst keine
Schreckqualitt besitzt (Graham, 1975; Hoffman & Ison,
1980). Dieses Inhibitionsphnomen tritt in homologer
Weise in allen hçher entwickelten Spezies auf, so daß die
zugrundeliegenden neurobiologischen Mechanismen im
Tiermodell gut untersucht werden kçnnen (Braff &Geyer,
1990). Abbildung 2 illustriert schematisch die zwei not-
wendigen Bedingungen eines akustischen PPI-Paradigmas,
wie es sowohl in der Tier- als auch in der Humanforschung
zur Anwendung kommt.
Die Funktion der PPI ist nicht vollstndig geklrt. Nach der
„Schutz-Hypothese“ vonGraham (1975; 1979) spiegelt die
Inhibition einen fest verschalteten negativen Feedback-
Mechanismuswider,welcher die prattentiveVerarbeitung
schwacher Stimuli vor der Interferenz durch nachfolgende
intensive reflexauslçsende Stimuli schtzt. Vor allem kli-
nische Befunde zur verminderten PPI bei schizophrenen
Patienten trugen dazu bei, daß die PPI in der Folge als
vornehmlich prattentiver Filterprozeß konzeptualisiert
wurde, der dazu dienen soll, irrelevante oder ablenkende
Stimuli vor der bewußtenVerarbeitungherauszufiltern, um
eine Reizberflutung des Gehirns zu verhindern (Braff et
al. , 1978; 1992). Mittlerweile hat sich die PPI als opera-
tionales Maß fr diese angenommene sensomotorische
Filterfunktion (engl. sensorimotor gating) etabliert. Davon
abzugrenzen ist allerdings die sensorische Filterfunktion
(engl. sensory gating), die mittels der P50-Suppression
eines akustisch evozierten EEG-Signals operationalisiert
wird. Diese Art der Inhibition tritt auf, wenn zwei auf-
einanderfolgende schwache akustische Stimuli gleicher
Intensitt in einem Zeitfenster von typischerweise 500 ms
prsentiert werden. Die P50-Suppression lßt sich daher
auch eher als eine Art akustischer Habituation begreifen.
PPI und P50-Suppression scheinen aber unterschiedliche
Inhibitionsprozesse abzubilden, da sie in der Mehrzahl der
Studien nicht korreliert sind (Braff et al. , 2007; Csomor et
al. , 2008a; Oranje et al., 2006; Schwarzkopf et al. , 1993a),
oder unterschiedlich auf pharmakologische Manipulatio-
nen oder Vernderungen der Stimulusparameter reagieren
(Csomor et al. , 2008a; Mann et al., 2007; Oranje et al.,
2006). Auf die P50-Suppression soll daher im Folgenden
nicht weiter eingegangen werden.
Geschichte der Präpuls-Inhibition
Bei seinen Rattenexperimenten zur sensorischen Modifi-
kation des akustischen Schreckreflexes am Bryn Mawr
College in Pennsylvania entdeckte Howard S. Hoffman
zunchst, daß die Schreckreaktion auf laute akustische
Stimuli unerwarteterweise anstieg, wenn ein durchgngiges
lautesHintergrundrauschen dargebotenwurde, undwieder
abfiel, wenn kein vermeintlich maskierendes Rauschen
mehr erklang. Wurde das laute Hintergrundrauschen je-
dochmit einem Intervall von einer halben Sekunde gepulst
dargeboten, verschwanden die Schreckreaktionen auf die
akustischen Einzelreize fast vçllig (Hoffman & Fleshler,
1963). In einer nachfolgenden Studie konnten Hoffmann
und Searle (1965) dann zeigen, daß die Schreckreaktion
ihrer Ratten auf laute akustische Stimuli stark unterdrckt
wurde, wenn 20–500 ms zuvor ein distinkter nicht-
schreckauslçsender akustischer Reiz dargeboten wurde.
Dieses Phnomen wurde wenige Jahre spter mit dem
berdauernden Terminus „Prpuls-Inhibition“ (PPI) be-
legt (Ison &Hammond, 1971). Daß die PPI nicht allein auf
die akustische Reizverarbeitung beschrnkt ist, zeigten
sptere Studien, welche eine taktile oder visuelle Prsti-
mulation verwendeten (Buckland et al., 1969; Pickney,
1976). Krauter et al. (1973) berichteten bald, daß sich die
Ergebnisse von Hoffmann und Searle auch auf den Men-
schen bertragen ließen. Whrend in den vorangegange-
nen Rattenstudien die Schreckreaktion der Versuchstiere
letztlich ber die Strke der Erschtterung einer kleinen
Box, in der dieRatte hochsprang, wenn sie sich erschreckte,
gemessen wurde, leiteten Krauter und seine Kollegen bei
ihren menschlichen Versuchspersonen den mit jeder
Schreckreaktion assoziierten Blinzelreflex mittels einer
elektromyographischen Ableitung des Muskelpotentials
amMusculus orbicularis oculi ab.
Frances K. Graham fhrte anschließend mit ihren Stu-
denten eine Reihe systematischer parametrischer Studien
zur PPI durch (Graham, 1975; Graham et al., 1975). Diese
Experimente zeigten einerseits, daß distinkte Vorreize
(1000 Hz Ton mit 70dB), die innerhalb eines kurzen In-
tervalls von 30, 60, 120 oder 240 ms (onset-to-onset) vor
dem schreckauslçsenden akustischen Reiz (weißes Rau-
schenmit 104 dB) dargebotenwerden, die Schreckreaktion
stark inhibieren, wobei die strkste Inhibition bei einnem
Interstimulusintervall (ISI) von 120 ms zu beobachten war.
Verlngerte man das Intervall jedoch auf mehr als 800 ms,
wurde die Schreckreaktion erhçht; es kam zu einer Prpuls
Faszilitation (PPF).DieserBefundwar zuvor zumindest fr
kontinuierlich dargebotene Prstimuli auch schon an Rat-
ten erhoben worden (Hoffman & Wible, 1969).
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Biologische Relevanz der
Präpuls-Inhibition
Die PPI scheint ein phylogenetisch alter Mechanismus zu
sein, da sie bei Weichtieren (Frost et al., 2003) und Fischen
(Burgess & Granato, 2007) bis hin zu Nagern (Hoffman &
Searle, 1965; Ison & Leonhard, 1970) und menschlichen
wie nicht-menschlichen Primaten (Krauter et al. , 1973;
Linn & Javitt, 2001) nachgewiesen werden konnte. Sie tritt
auf, wennPrpuls undPuls dem selben sensorischenModus
entspringen (akustisch, visuell, taktil), aber auch, wenn
beide unterschiedliche Stimulusmodalitten aufweisen
(z.B. visueller Prpuls, akustischer Schreckreiz) (Blumen-
thal & Gescheider, 1987; Graham, 1980; Hoffman & Ison,
1980). Die PPI muß nicht erlernt werden, da sie bei Nagern
wie auch Menschen von der ersten Prpuls-Puls-Paarung
an beobachtet werden kann (Graham et al., 1975;Hoffman
& Wible, 1970; Ison & Leonhard, 1970). Zudem ist ihre
Ausprgung teilweise genetisch determiniert (siehe Ab-
schnitt „Genetik der Prpuls-Inhibition“). Fr die PPI ist
keine bewußte Verarbeitung notwendig, denn sie bleibt
auch whrend des Schlafes meßbar (Silverstein et al., 1980;
Wu et al., 1990). Bei einem so frhen undwenig komplexen
Mechanismus berrascht es allerdings, daß die PPI erst mit
der frhen Adoleszenz voll ausgebildet zu sein scheint,
auchwenn bereits Sugling eine deutliche Inhibition zeigen
(Balaban et al., 1989; Ornitz et al. , 1986). Es ist bislang
jedoch unklar, ob die spte Reifung des Frontalkortex,
welcher eine bedeutendeRolle in derVerarbeitung der PPI
zu spielen scheint, hierfr verantwortlich sein kçnnte
(Kumari et al. , 2003a; 2005a; Roussos et al. , 2008b).
Die ursprngliche Vorstellung vonGraham (1975), daß
es sich bei der PPI umeinen stabilen und vollautomatischen
Prozeß handelt, der durch Aufmerksamkeit, willentliche
Einflsse, Habituation oder Lernen nicht zu beeinflussen
ist, lßt sich heute in dieser Form nicht mehr aufrecht er-
halten. Einerseits erhçht sich die PPI, wenn die Aufmerk-
samkeit auf den Prpuls gelenkt wird; dies gelingt aber nur
bei kurzen ISIs >100 ms (Filion et al., 1993; 1994; Heeke-
ren et al. , 2004b; Schell et al., 2000). Andererseits schwcht
sich die PPI bei wiederholterDarbietung von Prpuls-Puls-
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Paarungen innerhalb einer Messung, wie auch zwischen
mehrfachen Messungen, unabhngig von der Habituation
des Schreckreflexes ab (Blumenthal, 1996; Gewirtz &
Davis, 1995; Lipp et al., 1994; Lipp & Krinitzky, 1998;
Quednow et al., 2006a). Wenn sich die PPI aber ber die
Zeit in ihrer Intensitt verndert, mçglicherweise sogar
„habituiert“, dann unterliegt sie damit einer Form der
Plastizitt, die eine feste Verschaltung und damit einen
starken Automatismus ausschließt (Quednow et al.,
2006a). Angelehnt an die von Kahneman & Treisman
(1984) vorgeschlagene Kategorisierung verschiedener
Wahrnehmungsprozesse in stark automatische, teilweise
automatische und gelegentlich automatische Prozesse,
schlossen Schell et al. (2000), daß es sich bei der PPI
wahrscheinlich um einen teilweise automatischen Prozeß
handele, da sich die PPI bei lngeren (120 ms), aber nicht
bei krzeren ISI (60 ms) durch kontrollierte Verarbei-
tungsprozesse modulierbar zeige. Damit luft die PPI
wahrscheinlich primr automatisch ab, kann aber bei ln-
geren ISI (>100 ms) durch hçhere kognitive Prozesse be-
einflußt werden.
Wie bereits in der Einleitung angedeutet, ist bislang
nicht abschließend geklrt, welche biologische Funktion
die PPI tatschlich erfllt. BereitsHoffman&Searle (1965)
vermuteten aber einen wichtigen, grundlegenden und
kontinuierlich aktivenWahrnehmungsmechanismus hinter
der PPI. Graham (1979; siehe auch Graham & Hackley,
1991) wies darauf hin, daß die Zeitspanne, in der ein Vor-
puls einen inhibitorischen Effekt ausben kann, mit der
Zeitspanne, die es bençtigt, um schwache Stimuli aus der
Umwelt zu erkennen, bereinstimmt. Frances Graham
nahm an, daß die Wahrnehmung eines Stimulus in dieser
Periode der „prattentiven“ Verarbeitung vulnerabel fr
Interferenzen sei und die PPI demnach notwendig wre,
um die Stimulusverarbeitung in diesem kritischen Zeitin-
tervall zu schtzen (Graham, 1975; 1979). Eine andere,
simplere Sichtweise ist, daß die Verminderung der
Schreckreaktion dadurch entsteht, daß der Prpuls einfach
die Aufmerksamkeit auf den nachfolgenden schreckaus-
lçsenden Reiz ablenkt bzw. unterbricht (Filion et al. , 1998;
Schell et al. , 2000). Diese Hypothese ist allerdings nur
schlecht mit dem Befund zu vereinbaren, daß bei kurzen
ISI (30–60 ms), bei denen die Versuchspersonen nicht
mehr in der Lage sind, zwischen einem Einzelreiz und
einem Reizpaar zu unterscheiden, trotzdem eine deutliche
PPI meßbar ist. Damit scheint die Wahrnehmung des Pr-
pulses keine notwendige Bedingung fr die Auslçsung der
PPI zu sein (Postma et al., 2001).
Aufgrund ihrer konsistenten Befunde zu den PPI-De-
fiziten schizophrener Patienten und aufbauend auf der
Schutz-Hypothese von Graham (1975), postulierten Braff
& Geyer (1990) ihre Sensorimotor-Gating-Hypothese der
PPI. Hiernach reflektiert die PPI einen Filtermechanismus,
der unbedeutende oder im bermaß auftretende Stimuli
von der bewußten Verarbeitung ausschließt und der so erst
eine Fokussierung der Aufmerksamkeit auf salientere und
berlebenswichtigere Aspekte einer an Reizen berrei-
chen Umwelt ermçglicht. Die verminderte PPI schizo-
phrener Patienten soll daher zu der oft von den Patienten
beklagten Reizberflutung beitragen und damit fr einen
Grossteil der Symptome der Schizophrenie, wie z.B. Posi-
tiv- und Negativsymptomatik, Desorganisation sowie
Denk- und Aufmerksamkeitsstçrungen, mitverantwortlich
sein (Braff et al. , 1992). Die Sichtweise der PPI als senso-
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Abbildung 2. Schematische Darstellung
eines akustischen PPI-Paradigmas. (Mit
freundlicher Genehmigung von Prof.
Franz X. Vollenweider, Zrich)
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motorische Filterleistung hat sich in den letzten Jahren in-
ternational durchgesetzt.
Anwendung des PPI-Paradigmas
Wie bereits beschrieben, lßt sich die Schreckreaktion, wie
auch die PPI, in verschiedenen Stimulusmodalitten, wie
z.B. akustisch, taktil, elektrisch und visuell, einzeln wie
auch crossmodal induzieren (zur bersicht siehe Berg &
Balaban, 1999; undBlumenthal, 1999). In denmeistenTier-
und Humanstudien kommt jedoch die akustische Stimula-
tion zur Anwendung, da sie einige Vorteile bezglich der
Prsentation undManipulierbarkeit der Stimuli gegenber
den anderen Stimulusqualitten besitzt. Speziell in funk-
tionellen Bildgebungsstudien mittels Magnetresonanzto-
mographie (fMRT) hat die taktile Stimulation allerdings
gewisse Vorteile, da sie z.B. ohne Metallteile auskommt
(z.B. Postma et al., 2006; Swerdlow et al., 2001b).
BeimMenschen erfolgt die elektromyografischeAbleitung
der Blinzelkomponente des Schreckreflexes anhand von
Oberflchenelektroden ber dem rechten Musculus orbi-
cularis oculi (siehe Abbildung 3), da dort die Habituation
der Schreckreaktion am geringsten ausgeprgt ist (An-
thony, 1985). Bei Ratten und Musen hingegen wird die
Ganzkçrperreaktion auf die Schreckreize gemessen, d.h.
die Piezoelektroden, auf denen kleineKfigzylinder ruhen,
messen letztendlich, wie hoch das Tier springt (siehe Ab-
bildung 4).
In den meisten Studien wird die PPI individuell ber die
prozentuale Verminderung der Schreckreaktion in einer
Prpuls-Puls Bedingung im Vergleich zu einer Kontroll-
bedingung, in der einzelne Schreckreize prsentiert wer-
den, berechnet:%PPI= 100 x (mittlereAmplitude in Puls-
allein Durchgngen – mittlere Amplitude in Prpuls-Puls
Durchgngen) / mittlere Amplitude in Puls-allein Durch-
gngen. Diese Methode hat sich gegenber der absoluten
Verminderung (Prpuls-Puls-Bedingung – Puls-allein-Be-
dingung) weitgehend durchgesetzt, da das Prozentmaß
weniger anfllig fr Gruppenunterschiede in der Schreck-
reaktivitt ist (Blumenthal et al. , 2004). Allerdings ist bei
der Interpretation auch von prozentualen PPI-Gruppen-
unterschieden Vorsicht geboten, wenn sich die Gruppen in
ihrer Schreckreaktion unterscheiden, da eine erhçhte
Schreckreaktion ein niedrigeres PPI bedingt, selbst wenn
beide Parameter nicht signifikant miteinander korreliert
sind (Csomor et al. , 2008c). Von diesem Problem sind so-
wohl Patientenstudien (siehe z.B. Ludewig et al. , 2005;
Perry et al. , 2007)wie auch Studienmit pharmakologischen
Manipulationen betroffen (Abel et al. , 2003;Duncan et al.,
2001b; Heekeren et al., 2007; Vollenweider et al. , 2006).
Wie mit diesem Problem umgegangen werden kann, be-
schreiben Csomor et al. (2008c).
Die PPI der akustischen Schreckreaktion ist bei Men-
schen wie Tieren ein sehr robustes und reliables Phnomen
(Abel et al. , 1998; Cadenhead et al., 1999; Quednow et al.,
2006a; Schwarzkopf et al. , 1993b; Willott et al. , 2003). Je
nach Stimulusparameter findet man bei ber 90% aller
gesunden Versuchspersonen eine starke Inhibition des
Schreckreflexes von ca. 40–80%, sofern eine reliable
Schreckreflexmessung mçglich ist (siehe auch Filion et al.,
1998). Etwa 5–10% aller gesunden Versuchspersonen
zeigen jedoch keine oder nur eine unzureichende akusti-
sche Schreckreaktion (Blumenthal et al., 2005).Diese recht
hohe Rate an non-Respondern wird wahrscheinlich auch
Abbildung 3. Anwendung eines akustischen PPI-Paradig-
mas beim Menschen. (Mit freundlicher Genehmigung von
Dr. Felix Hasler, Zrich)
Abbildung 4. Anwendung eines akustischen PPI-Paradig-
mas bei der Ratte. (Mit freundlicherGenehmigung vonDr.
Dr. Nicolas Langlitz, Berlin)
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durch fehlerhafte Applikation der Elektroden, technische
Fehler (alte oder schlecht gereinigte Elektroden, Wackel-
kontakte etc.) oder fehlerhafte Stimulusprsentation
(Kopfhçrer nicht richtig aufgesetzt) mitverursacht.
Stimulusparameter
Die in PPI-Paradigmen verwendeten akustischen
Schreckreize bestehen meist aus einem Puls weißen Rau-
schens in der Hçhe von 105–116 dB und einer Dauer von
40 ms, welche vor einem kontinuierlichen Hintergrund-
rauschen von 65–70 dB prsentiert werden. Als Prpuls
fungiert entweder ein 1000 Hz-Ton oder ebenfalls weißes
Rauschen, von meist 20 ms Dauer, da hier die PPI am
hçchsten ist (Reijmers & Peeters, 1994). Prpuls wie Puls
sollten dabei nicht lnger als 1 ms ansteigen bzw. ab-
schwellen, da lngereAnstiegs- undAbfallgeschwindigkeit
die Schreckreaktion vermindern kçnnen (Berg & Balaban,
1999). Der Prpuls inhibiert die Schreckreaktion, wenn er
in einem Zeitfenster von 30–500 ms vor dem Schreckreiz
dargeboten wird, krzere oder lngere ISI1 fhren zu einer
Faszilitierung der Schreckreaktion. Die Inhibition der
Schreckreaktion ist bei einem ISI von 100–150 ms am
strksten (Blumenthal, 1999).Die Strke der PPIwird auch
durch die Intensitt des Prpulses moduliert (Blumenthal,
1995; Graham & Murray, 1977), d.h. je lauter der Prpuls
desto strker die PPI. Allerdings besteht hierbei die Mçg-
lichkeit, daß ein zu lauter Prpuls bereits von sich aus eine
Schreckreaktion auszulçsen vermag. Ein Kompromiß stellt
daher die Verwendung einer Intensitt von 15–16 dB ber
dem Hintergrundrauschen fr den Prpuls dar (meist 85–
86 dB). Bei dieser Intensitt zeigen die meisten Probanden
noch keine echte Schreckreaktion (wohl aber eine Erhç-
hung der Muskelaktivitt) dafr aber eine maximale Inhi-
bitionsleistung (Csomor et al. , 2008c; siehe auch Dahmen
& Corr, 2004; Swerdlow et al., 2004b). Nicht nur die Pr-
puls-Intensitt sondern auch die Intensitt des Schreck-
reizes hat einen starken Einfluß auf die PPI, wobei hier die
PPI mit steigender Intensitt des Schreckreizes aber ab-
nimmt (Csomor et al., 2006;Yee et al., 2005).Manmußalso
auch hier zwischen einem starken Signal – d.h. einer opti-
maler PPI – und einer ansteigenden Anzahl von non-Re-
spondern abwgen. Des Weiteren hat die Strke bzw. das
Vorhandensein eines Hintergrundrauschens einen Einfluß
auf Scheckreaktion und PPI (Blumenthal et al. , 2006;
Flaten et al. , 2005). Die PPI, aber auch die Wahrschein-
lichkeit, daß ein Prpuls eine Schreckreaktion auslçst, wird
mit steigender Intensitt des Hintergrundrauschens ver-
mindert. Blumenthal (2006) vermuten, daß die vor dem
Hintergrundrauschen erschwerte Perzeption des Prpulses
und damit das schlechtere Signal-Rausch-Verhltnis, die
hufig replizierten PPI-Defizite schizophrener Patienten
erklren kçnnte, da meist nur die klinischen Studien, die
ein Hintergrundrauschen verwendeten, signifikante
Gruppenunterschiede hervorbrachten.
Demografische Einflußfaktoren
Verschiedene demografische Faktoren, wie Alter, Ge-
schlecht, weiblicher Zyklus, Rauchen und Koffeinkonsum
ben einen starkenEinfluß auf den Schreckreflex und/oder
die PPI aus und sollten daher bei Gruppenvergleichen
kontrolliert werden. Das Alter hat selbst zwar keinen
großen Einfluß auf die PPI, aber die Schreckaktivitt
nimmt mit dem Alter stark ab (Ludewig et al. , 2003b).
Frauen zeigen insgesamt eine tiefere PPI (Kumari et al.,
2003b; Swerdlow et al., 1999b; 2006a), es konnte aber ge-
zeigt werden, daß sie nur in der lutealen Phase ihres Zyklus
erniedrigte PPI-Werte aufzuweisen, whrend diese in der
follikularen Phase weitgehend normal sind (Jovanovic et
al. , 2004; Swerdlow et al., 1997a).
Nikotinentzug bei Rauchern erniedrigt die PPI (Dun-
can et al., 2001a; Kumari & Gray, 1999), akute Nikotinga-
ben (subkutan oder durch Rauchen) hingegen erhçhen das
PPI sowohl bei entzgigen Rauchern als auch bei Nicht-
rauchern (Kumari et al. , 1996; 1997; Postma et al., 2006).
Auch zeigten schizophrene Patienten mit einem hohen
Nikotinkonsum imQuerschnitt ein hçheres PPI alsweniger
stark rauchende Patienten (Swerdlow et al., 2006a). Kann
man nicht ganz auf Raucher in der Studie verzichten, sollte
man daher die Probanden vor den PPI-Untersuchungen ad
libitum Rauchen lassen. Auch Koffein scheint beim Men-
schen die PPI zu beeinflussen (Flaten & Elden, 1999;
Swerdlow et al., 2000b) und es empfiehlt sich daher, den
Koffein-Konsum der Teilnehmer ebenfalls zu standardi-
sieren.
Neurobiologische Grundlagen der
Präpuls-Inhibition
Insbesondere Lsionsstudien an Ratten haben zur Auf-
klrung der neurobiologischen Substrate des sensomoto-
rischen Gatings beigetragen. Diese Studien haben gezeigt,
daß die PPI durch sequentiell und parallel verschaltete
Verbindungen zwischen dem Limbischen System (inklusi-
ve Amygdala, mediotemporalen Regionen und dem me-
dialen prfrontalen Kortex), dem ventralen Striatum, dem
ventralen Pallidum und dem pontinem Tegmentum ver-
mittelt wird (siehe Abbildung 1). Dieser limbische cortico-
striato-pallido-pontine (CSPP) Kreislauf konvergiert mit
der primren Schreckreflexbahn auf der Ebene des Nuc-
leus reticularis pontis caudalis (Koch, 1999; Swerdlow et
al., 1999a; Swerdlow et al., 2001a). Des Weiteren wird an-
1 Es sei angemerkt, daß es in der PPI-Forschung einige Inkon-
sistenzen bezglich des Begriffes des ISI gibt. Whrend in der
Experimentellen Psychologie das ISI den Zeitraum zwischen
Stimulusendeund nachfolgendemStimulusanfang bezeichnet,
wird in der PPI-Forschung meist das ISI mit der Stimulus-
Onset-Asynchronie (SOA) gleichgesetzt, also dem Zeitinter-
vall zwischen Stimulusanfang des Prpulses und Stimulusan-
fang des nachfolgenden Pulses. Um keine weitere Verwirrung
zu stiften, halte ich mich hier an die Tradition der PPI-For-
schung und verwende ISI und SOA synonym.
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genommen, daß CSPP und cortico-striato-pallido-thala-
mische (CSPT) Kreislufe, deren Dysfunktion ebenfalls
mit verschiedenen psychiatrischen Erkrankungen assozi-
iert wurde, weitgehend berlappen (Braff et al., 2001;
1987b; Swerdlow & Koob, 1987a). Swerdlow und seine
Kollegen (2001a) unterscheiden dabei Regionen, die ei-
nerseits die PPI regulieren – diese liegen im Bereich des
Hirnstamms, sind phasisch aktiv und ihre Prozesse laufen
automatisch ab – , und andererseits Regionen, die das PPI
modulieren. Hierzu zhlen alle mesolimbischen und kor-
tikalen Strukturen, deren deszendierende Efferenzen
durch tonische Vernderungen Einfluß auf die tiefer gele-
genen Anteile des CSPP-Kreislaufes nehmen und deren
Prozesse auch kontrollierter Verarbeitung zugnglich sind.
Durch systemische Gaben und durch die direkte Ver-
abreichung selektiv wirksamer Substanzen via Microinfu-
sion in die einzelnen Hirnareale, konnte auch die Beteili-
gung verschiedener Neurotransmitter innerhalb des CSPP
Kreislaufes aufgedeckt werden (Geyer et al. , 2001;
Swerdlow et al., 2001a). So wurde gezeigt, daß insbeson-
dere die dopaminerge, serotonerge, nikotinerge und glu-
atmaterge Neurotransmissionen an der Vermittlung der
PPI beteiligt sind (zur bersicht siehe Geyer et al., 2001;
Swerdlow et al., 2001a). Mçglicherweise ist auch das en-
dogene Opioid-System in die Modulation der PPI invol-
viert, wie vorlufige Human- und Tierdaten vermuten las-
sen (Quednowet al., 2008a;AbdelOuagazzal, Strassbourg,
persçnliche Mitteilung).
Einen zustzlichen Beitrag zur Aufklrung der zu-
grundeliegenden neuralen Strukturen des PPI leisteten
klinische Studienmit Patientenpopulationen, bei denen die
neurobiologischen Mechanismen ihrer Erkrankungen
weitgehend bekannt sind. So zeigen Patienten mit Chorea
Huntington, die unter einer Degeneration striataler GA-
BAerger Neurone leiden, PPI-Defizite (Swerdlow et al.,
1995b). Parkinsonpatienten zeigen zwar keinePPI-Defizite
per se (Perriol et al., 2005), ihr PPI vermindert sich aber
rapide, wenn sie einer Belastungsprobe mit dem direkten
Dopaminagonisten Apomorphin ausgesetzt werden (Mor-
ton et al., 1995). Die Autoren vermuteten dahinter eine
gesteigerte striatale Dopaminrezeptor-Regulation des PPI.
Tierstudien bieten nun die Mçglichkeit, die in klinischen
Studien beobachteten PPI-Defizite, durch geeignete Ma-
nipulation der vermuteten Hirnsubstrate nachzubilden, so
daß eine Kreuzvalidierung des vorgeschlagenen Krank-
heitskonzeptes vorgenommen werden kann. So fhren
Lsionen des Striatums zu einer verminderten PPI, die
durch Vernderungen innerhalb der glutamatergen und
dopaminergen Neurotransmission in diesem Bereich er-
klrt werden und somit die Befunde bei Parkinsonkranken
und Patienten mit Huntingtonscher Erkrankung wider-
spiegeln kçnnen (Koch et al., 2000; Kodsi & Swerdlow,
1995; 1997). PPI-Defizite bei neuropsychiatrischen Er-
krankungen mit weniger verstandener tiopathogenese,
wie der Schizophrenie (Braff et al. , 1978; Braff et al. , 1992),
den Zwangserkrankungen (Hoenig et al., 2005; Swerdlow
et al., 1993), dem Gilles de la Tourette-Syndrom (Castel-
lanos et al., 1996; Swerdlow et al., 2001b) oder der ncht-
lichen Enuresis (Ornitz et al., 1992), weisen darauf hin, daß
bestimmte Hirnstrukturen dysfunktional sind, die sowohl
das PPI-Defizit als auch die Erkrankung bedingen. Mit der
Messung der PPI lßt sich zwar dieseDysfunktion zunchst
nur unspezifisch auf die CSPP-Strukturen einengen, Tier-
modelle kçnnten aber auch hier fr weitere Aufklrung
sorgen (Swerdlow et al., 1999a). Es muß aber darauf hin-
gewiesen werden, daß die Homologie der PPI auch Gren-
zen hat. So gibt es zum einen eine Reihe von speziesspe-
zifischen Befunden bezglich der pharmakologischen Ma-
nipulierbarkeit der PPI, z.B. Unterschiede zwischen Mu-
sen und Ratten in Bezug auf das dopaminerge System
(Geyer, 2006b) und Unterschiede zwischen Ratten und
Menschen bezglich des serotonergen Systems (Vollenw-
eider et al., 1999), die noch weiter aufgeklrt werden
mssen. Andererseits bestehen zwischen Nagern und
Menschen große Differenzen in der Konnektivitt ver-
schiedener Hirnregionen, die an der Verarbeitung der PPI
beteiligt sind. Dabei drften die Unterschiede vor allem in
den phylogenetisch jngeren Hirnregionen am grçßten
sein. Swerdlow et al. (2001a) wiesen darauf hin, daß allein
aus den Befunden einer Beteiligung des medialen pr-
frontalen Kortex in der Modulation der PPI bei Ratten
nicht geschlossen werden drfe (Ellenbroek et al., 1996;
Koch & Bubser, 1994), daß dieselbe Region beim Men-
schen eine homologe Rolle in der Verarbeitung der PPI
spielt. Indes zeigten funktionelle und strukturelle Bildge-
bungsstudien an gesunden menschlichen Probanden eine
erstaunliche berlappung zwischen Humandaten und
tierexperimentell gewonnenen Befunden hinsichtlich der
neuronalen Substrate der PPI. So konnten Veena Kumari
und ihre Mitarbeiter (2003a; 2007a) in zwei funktionellen
Bildgebungsstudien zeigen, daß das BOLD-Signal bei ge-
sunden Probanden whrend der akustischen bzw. taktilen
Prpuls-Puls-Bedingungen in Striatum, Thalamus, Insula,
Hippocampus sowie temporalen, inferior frontalen und
inferior parietalen Regionen anstieg. Mittels eines mor-
phometrischen Verfahrens (voxel-based morphometry,
VBM) konnte diese Arbeitsgruppe ebenfalls nachweisen,
daß die Dicke der grauen Substanz im Hippocampus und
im Gyrus parahippocampalis, in den Basalganglien (Teile
der Putamen, des Globus pallidus und des Nucleus ac-
cumbens eingeschlossen), imGyrus temporalis superior, im
Thalamus sowie im Gyrus frontalis inferior positiv mit der
PPI der Probanden korreliert war (Kumari et al. , 2005a).
Diese funktionellen Humandaten besttigen damit die
Bedeutung kortikaler und striataler Areale fr die Verar-
beitung der PPI.
B. B. Quednow: Defizite der sensomotorischen Filterleistung bei psychiatrischen Erkrankungen 7
Z. Neuropsychol. & (&)  2008 by Verlag Hans Huber, Hogrefe AG, Bern185
Störungen der sensomotorischen
Filterleistung bei
neuropsychiatrischen Erkrankungen
Ende der 70er Jahre entdeckten Braff und seine Mitarbei-
ter, daß schizophrene Patienten eine geringere PPI auf-
wiesen als gesunde Kontrollprobanden (Braff et al., 1978).
Dem vorausgegangen waren Befunde, die zeigten, daß
schizophrene Patienten neben beeintrchtigten kontrol-
lierten Aufmerksamkeitsleistungen (zur bersicht siehe
Callaway & Naghdi, 1982) auch in der automatischen Fil-
terung irrelevanter sensorischer Reize Defizite aufwiesen
(McGhie & Chapman, 1961; Venables, 1960). Bereits die
Urvter der modernen Psychiatrie, Erwin Kraepelin und
Eugen Beuler, hatten zu Beginn des 20. Jahrhundert er-
kannt, daß Stçrungen der Aufmerksamkeit zum Wesen
schizophrener Erkrankungen gehçren (Bleuler, 1911;
Kraepelin, 1909). Bis heute werden Stçrungen der auto-
matischen und kontrollierten Aufmerksamkeit als ein
Kernsymptom der Schizophrenie erachtet. Insbesondere
die Befunde zu den PPI-Defiziten schizophrener Patienten
trugen mit dazu bei, die Schizophrenie als eine Filterstç-
rung zu verstehen, aufgrund der die Erkrankten an einer
stark beeintrchtigenden sensorischen Reizberflutung
leiden (Braff et al. , 1978; 1992; Nuechterlein & Dawson,
1984;Nuechterlein et al. , 1994).Mittlerweile gilt es auch als
akzeptiert, daß die gestçrte Verarbeitung prattentiver
inhibitorischer Stimuli – die auch als sensomotorisches
Gating bezeichnet wird – eine bedeutsame Rolle in der
Pathogenese der Schizophrenie spielt (Braff et al., 2001;
Geyer & Braff, 1987).
Allerdings lassen sich auch bei anderen psychiatrischen
Erkrankungen PPI-Defizite beobachten und es stellt sich
die Frage, ob es sich hierbei um eine Art neurobiologische
berlappung zwischen diesenErkrankungen handelt, oder
ob unterschiedliche neurobiologische Vernderungen in-
nerhalb des CSPP-Kreislaufes dafr verantwortlich sind
(Geyer, 2006b). In der Folge sollen diewichtigstenBefunde
bei verschiedenen psychiatrischen Erkrankungen disku-
tiert werden (zur bersicht siehe Tabelle 1).
Schizophrenie
Das PPI-Defizit in der Schizophrenie ist mittlerweile wohl
der konsistenteste Befund in der klinischen-psychiatri-
schen Gating-Forschung, welcher ber eine ganze Reihe
von verschiedenen Laboratorien hinweg repliziert werden
konnte (Bolino et al., 1994; Braff et al. , 1978; 1992; 1999;
2007; Cadenhead et al., 2000; Csomor et al. , 2008b; Grillon
et al., 1992; Karper et al. , 1996; Kumari et al. , 1999; 2000;
2007b; Ludewig et al., 2003a;Meincke et al. , 2004; Parwani
et al. , 2000; Perry & Braff, 1994; Perry et al. , 1999; 2002;
2006; Quednow et al., 2006b; 2008b; Weike et al., 2000).
Auch Patienten mit einer schizotypen Persçnlichkeitsstç-
rung weisen eine erniedrigte PPI auf (Cadenhead et al.,
1993; 2000). Die meisten Studien bedienten sich akusti-
scher Prstimuli und akustischer Schreckreize, aber PPI-
Defizite konnten auch bei elektrischer (Bolino et al. , 1994),
taktiler (Braff et al. , 1992; Postma et al., 2006) oder
crossmodaler (taktil-akustisch) Stimulation (Braff et al.,
1992) nachgewiesen werden. Die PPI-Defizite schizo-
phrener Patienten treten bei ISI von 30, 60 und 120 ms auf,
scheinen aber bei 60 ms am konsistentesten nachzuweisen
sein.
Da die meisten der frheren Studien stabil antipsych-
otisch medizierte und chronisch-erkrankte Patienten un-
tersucht hatten, stellte sich zunchst die Frage, ob die PPI-
Defizite schizophrener Patienten nicht Epiphnomene der
Medikation oder der Chronizitt der Erkrankung darstel-
len kçnnten. Mittlerweile wurden aber auch bei unmedi-
zierten chronischen wie auch bei unmedizierten erster-
krankten Patienten erniedrigte PPI-Werte nachgewiesen
(Csomor et al. , 2008b; Ludewig et al. , 2003a; Perry et al.,
2002;Quednow et al., 2008b;Weike et al., 2000). Inwieweit
die Medikation einen Einfluß auf die PPI schizophrener
Patienten hat, ist bis heute Gegenstand heftiger Diskus-
sionen. Da die verminderte PPI als Ursache fr positive,
negative und kognitive Symptome der Schizophrenie pos-
tuliert wurde, und da sich im Tierversuch pharmakologisch
induzierte PPI-Defizite durch Antipsychotika verhindern
oder aufheben lassen, sollte man zunchst annehmen, daß
mit einer Verbesserung der schizophrenen Symptomatik
infolge einer antipsychotischen Behandlung auch eine
verbesserte PPI einhergehen sollte (Braff et al. , 1992; 2001;
Swerdlow et al., 2000a). Die Studienlage hierzu ist aber
recht uneinheitlich. Eine Reihe von querschnittlichen
Untersuchungen berichtet, daß stabil mit modernen, aty-
pischen Antipsychotika behandelte schizophrene Patien-
ten normale PPI-Werte aufweisen, whrend Patienten,
welche mit klassischen, typischen Antipsychotika behan-
delt wurden, weiterhin eine defiziente PPI offenbaren
(Kumari et al. , 1999; 2000; 2002; 2007a; Leumann et al.,
2002; Oranje et al. , 2002). Andererseits zeigten eine An-
zahl weiterer querschnittlicher Studien (Duncan et al.,
2003a;Grillon et al., 1992; Parwani et al. , 2000; Perry et al.,
2002)wie auch zwei derwenigen lngsschnittlichen Studien
(Duncan et al., 2003b; Mackeprang et al., 2002), daß stabil
antipsychotisch behandelte Patienten weiterhin ein PPI-
Defizit offenbarten, obwohl ihre schizophrene Sympto-
matik sich gebessert hatte.Hierzu imWiderspruch steht die
Studie von Weike und Kollegen (2000), welche zeigte, daß
die antipsychotisch medizierten Patienten, welche eine
verbesserte Positivsymptomatik aufweisen, auch eine nor-
male PPI zeigten, whrend unmedizierte oder auch unter
Medikation noch stark psychotische Patienten ein PPI-
Defizit aufwiesen. Auch neuere Lngsschnittuntersuchun-
gen deuten darauf hin, daß insbesondere atypische Anti-
psychotika, wie Olanzapin und Amisulprid, die PPI der
Patienten verbessern kçnnen (Meincke et al., 2004;
Quednow et al., 2006b; Wynn et al., 2007). Hamm et al.
(2001) kommen aber in ihrer bersicht frherer Studien
jedoch zu dem Schluß, daß die zumeist mit typischen An-
tipsychotika behandelten schizophrenen Patienten im
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Schnitt immer noch eine um 20% verringerte PPI im Ver-
gleich zu den gesunden Kontrollprobanden aufweisen.
Kumari et al. (2007a) untersuchten mittels funktionel-
ler Magnetresonanztomografie (fMRT), welches neuro-
nale Korrelat fr die pharmako-induzierte Verbesserung
der PPI schizophrener Patienten verantwortlich ist. Sie
berichteten zunchst, daß stabil auf Risperidon und
Olanzapin eingestellte schizophrene Patienten eine etwas
erniedrigte, aber nicht von der Kontrollgruppe verschie-
dene, PPI prsentierten, whrend mit Haloperidol behan-
delte Patienten ein signifikantes PPI-Defizit aufwiesen. Im
fMRT zeigten die Kontrollen whrend den taktilen Pr-
puls-Puls-Bedingungen eine erhçhte Aktivitt in Striatum,
Thalamus, Insula,Hippocampus sowie temporalen, inferior
frontalen und inferior parietalen Regionen auf. Die mit
Risperidon oder Olanzapin, nicht aber die mit Haloperidol
behandelten Patienten, offenbarten nun weitgehend in-
takte Aktivierungen dieser Regionen. Die Autoren
schlossen daraus, daß atypische Antipsychotika eher in der
Lage seien, die Aktivitt in den fr die PPI wichtigen Re-
gionen zu normalisieren (Kumari et al. , 2007a). Die bis-
herigen Daten sprechen also dafr, daß einige atypische
Antipsychotika die PPI verbessern kçnnen, es bleibt aber
nach wie vor unklar, ob diese verbesserte PPI berhaupt
funktionelle Konsequenzen fr die Patienten mit sich
bringt.
Vielen klinischen Studien gelang es nicht, eine direkte
Beziehung zwischen der Schwere der schizophrenen
Symptomatik und der PPI herzustellen (Karper et al. , 1996;
Kumari et al. , 1999; 2000; Parwani et al. , 2000; Perry et al.,
2002; Quednow et al., 2006b). Einige andere Untersu-
chungen erbrachten jedoch signifikante Korrelationen
zwischen globalen Skalen zur Einschtzung der Positiv-
oder der Negativsymptomatik und der PPI (Braff et al.,
1999; Dawson et al., 2000; Weike et al., 2000). Darber
hinaus berichten einige Studien einen Zusammenhang
zwischen Denkstçrungen und PPI (Meincke et al. , 2004;
Perry & Braff, 1994; Perry et al. , 1999) und Karper et al.
(1996) fanden bei schizophrenen Patienten, daß eine ver-
minderte PPI mit einer erhçhten Ablenkbarkeit einher-
ging. Wir konnten bei unseren klinischen Studien jedoch
auch keine signifikante Korrelationen zwischen der
Schwere der psychotischen Symptomatik und der PPI
feststellen (Csomor et al., 2008b; Quednow et al., 2006b;
2008b). Allerdings zeigte sich in einer explorativen Ana-
lyse, daß insbesondere prodromale Personen, die an Ge-
dankenblockierung, Eifersuchtswahn oder verschiedenen
Halluzinationsarten litten, signifikant tiefere PPI-Werte als
prodromale Personen ohne diese Symptome aufwiesen
(Quednow et al., 2008b). Darber hinaus gelang es bislang
nicht, bei schizophrenen Patienten den durch die Theorie
vorhergesagten korrelativen Zusammenhang zwischen
kognitiver Leistungsfhigkeit und PPI auch in der Praxis
nachzuweisen (Quednow et al., 2006b; 2008b; Swerdlow et
al., 1995a). Bei gesunden Versuchspersonen konnte hin-
gegen sehr wohl ein Zusammenhang zwischen exekutiven
Funktionen, insbesondere in Bezug auf Planung und Stra-
tegieentwicklung, und sensomotorischem Gating gezeigt
werden (Bitsios & Giakoumaki, 2005; Bitsios et al. , 2006;
Csomor et al., 2008a; Giakoumaki et al., 2006). Manipu-
liert man die PPI gesunder Versuchspersonen pharmako-
logisch, lassen sich ebenfalls parallele Vernderungen
zwischen PPI und neuropsychologischer Leistung aufde-
cken (Quednow et al., 2008a; Vollenweider et al. , 2007).
Warum sich bei schizophrenen Patienten bislang kein di-
rektes kognitives Korrelat der PPI-Defizite finden ließ,
kçnnte zum einen daran liegen, daß die mçglichen Zu-
sammenhnge nicht linear sind.
Es bleibt die Frage, ob es sich bei der PPI nun um ein
stabiles (Trait) oder zeitvernderliches (State) Merkmal
handelt. Daß es sich bei der PPI eher um einen Trait han-
delt, wird vor allem durch neuere Daten gesttzt, die zei-
gen, daß die PPI einer starken genetischen Verursachung
unterliegt (siehe Abschnitt „Genetik der Prpuls-Inhibiti-
on“) und daß das PPI-Defizit schizophrener Patienten be-
reits vor dem Ausbruch des Vollbildes der Erkrankung
besteht. Wir konnten in einer jngsten Studie zeigen, daß
sowohl Personen, die sich entweder in einem frhen, psy-
chosefernen, als auch Personen, die sich in einem spten,
psychosenahen Prodrom der Schizophrenie befinden, be-
reits eine defizitre PPI offenbaren (Quednow et al.,
2008b). Zudem sind Messungen der PPI trotz großer pa-
radigmatischer Unterschiede sowohl bei Gesunden (Abel
et al. , 1998; Cadenhead et al., 1999; Quednow et al., 2006a;
Schwarzkopf et al., 1993b) als auch bei schizophrenen Pa-
tienten (Ludewig et al. , 2002a) hochreliabel, was ebenfalls
auf ein zeitstabiles Merkmal hindeutet.
Aufgrund der konsistenten Befunde sehenGottesmann
& Gould (2003) in der PPI einen vielversprechenden
Kandidaten fr einen Endophnotyp der Schizophrenie.
Ein Endophnotyp ist ein Gen-nahes stabiles biologisches
Merkmal, welches zur Erforschung der neurobiologischen
und molekulargenetischen Grundlagen psychiatrischer
Erkrankungen herangezogen werden kann. Die Endop-
hnotypenstrategie wurde entwickelt, da die Erforschung
der biologischen und genetischenVerursachung komplexer
knstlicher Krankheitsphnotypen, die unsere bisherigen,
rein phnomenologisch orientierten Klassifikationssyste-
me vorgeschlagen haben, nicht zum Ziel gefhrt hat. Got-
tesman & Gould (2003) nennen fnf Kriterien, die ein
Endophnotyp erfllen sollte: 1.) Assoziation mit der Er-
krankung innerhalb einer Population, 2.)Vererbbarkeit, 3.)
Unabhngigkeit vom klinischen Zustand, 4.) Ko-Seggre-
gation mit der Erkrankung und 5.) eine erhçhte Prvalenz
fr das Merkmal in nicht-affizierten Familienmitgliedern.
Mittlerweile sind bis auf das vierte Kriterium alle weiteren
Eigenschaften fr die PPI der Schizophrenie besttigt
worden. Eine echte Kosegregation lßt sich jedoch nicht
finden, da die berlappung der Stichproben recht hoch ist,
d.h. wir finden schizophrene Patienten, die ein sehr hohes
PPI haben und gesunde, psychopathologisch unauffllige
Probanden, die eine tiefe oder gar keine PPI zeigen. Legt
man einen konservativen klinischen Cut-off-Wert von zwei
Standardabweichungen zugrunde, zeigen ca. 36% unserer
unmedizierten schizophrenen Patienten und nur noch 18%
der medizierten Patienten eine defizitre PPI gegenber
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einer gematchten Kontrollgruppe. Verwendet man einen
progressiveren Schwellenwert von einer Standardabwei-
chungen, zeigen 50% der unmedizierten und 30% der
medizierten Patienten eine abnormale PPI (Quednow et
al., 2008b). Nichtsdestotrotz wird die PPI besonders auf-
grund ihrer methodischen Einfachheit und ihrer transla-
tionalen Anwendbarkeit nach wie vor als einer der viel-
versprechendsten Endophnotypen der Schizophrenie be-
trachtet (Turetsky et al. , 2007).
Doch welcher funktionaleMechanismus ist fr die PPI-
Defizite schizophrener Patienten verantwortlich? Es wird
neuerdings vermutet, daß das beeintrchtigte sensomoto-
rische Gating schizophrener Patienten auf einer vermin-
derten Perzeption und/oder Reaktion auf den Prpuls be-
ruht (Csomor et al., 2008b), da eine verbesserte (bzw. be-
wußte) Perzeption des Prpulses auch ein hçheres PPI nach
sich zieht (Blumenthal, 1995; Filion et al. , 1993; Graham&
Murray, 1977; Schell et al. , 2000) und da schizophrene Pa-
tienten parallel zur verminderten PPI auch eine vermin-
derte Reaktion auf den Prpuls zeigen (Csomor et al.,
2008b). Die klassische Ansicht ist hingegen, daß das PPI-
Defizit infolge einer vernderten zentralen Verarbeitung
von Prpuls und Puls entsteht, bei der die angenommene
Schutz- bzw. Gatingfunktion nicht mehr durch den Prpuls
ausgelçst wird, obwohl er normal wahrgenommen wurde
(Braff et al. , 1992; Swerdlow et al., 2006b). Eine dritte
Ansicht vertreten Schicatano und Mitarbeiter (2000), die
behaupten, daß die PPI eher ein Epiphnomen der intrin-
sischen Charakteristik des Reflexbogens darstellt und we-
niger auf der externalenAnpassung desReflexes durch den
Prpuls beruht. DieAutoren untermauern ihreAnsichtmit
Befunden, daß das PPI-Defizit bei neurologischen Er-
krankungen, wie Morbus Parkinson, Tourette-Syndrom
oder Chorea Huntington, eher auf eine vernderte Aus-
lçsbarkeit des Schreckreflex zurckzufhren sei (Schica-
tano et al., 2000). Dies trifft allerdings nicht fr schizo-
phrene Patienten zu, da diese trotz beeintrchtigter PPI
eine intakte Reflexauslçsbarkeit aufweisen (Csomor et al.,
2008b). Neuere Daten zeigen hnliches auch fr die PPI-
Defizite bei Morbus Parkinson und Chorea Huntington
(Valls-Sole et al., 2004). Bislang liegen noch zu wenig
Daten vor, um zu entscheiden, ob das PPI-Defizit schizo-
phrener Patienten tatschlich eher ein Problem der De-
tektion, derVerarbeitung oder derReaktion darstellt, auch
wenn jngste recht berzeugende Daten eher auf ein Pro-
blem bei der Detektion und/oder Verarbeitung der Prsti-
muli hindeuten (Csomor et al. , 2008b).
Bipolare Störung
PPI-Defizite lassen sich mçglicherweise auch bei einer
weiteren psychischen Erkrankung finden, die hufig auch
mit psychotischen Symptomen einhergeht: der bipolaren
Stçrung. Zwei Studien berichten signifikante PPI-Defizite
jeweils bei akutmanischen (Perry et al. , 2001) aber auch bei
remittierten Patienten mit bipolarer Stçrung (Giakoumaki
et al. , 2007). Demgegenber stehen allerdings drei Befun-
de, die bei euthymen, remittierten jugendlichen (Rich et
al. , 2005) oder erwachsenen (Barrett et al., 2005) aber auch
bei akut erkrankten erwachsenen bipolaren Patienten
(Carroll et al., 2007) normale PPI-Werte gefunden haben.
In der Studie von Giakoumaki et al. (2007) fand sich zu-
stzlich eine erniedrigte Ausprgung der PPI bei gesunden
Geschwistern bipolar Erkrankter. Diese Unterschiede
kçnnten – abgesehen von mçglichen methodischen Grn-
den – damit zusammenhngen, daß in der Stichprobe von
Giakoumaki fast die Hlfte der Patienten psychotische
Episoden in der Vorgeschichte aufwiesen (Giakoumaki et
al. , 2007). Mçglicherweise ist das PPI-Defizit bipolarer
Patienten insgesamt eher ein State-Marker als ein stabiles
und berdauerndes Merkmal. Hier werden aber weitere
Studien bençtigt, um diese Frage zu beantworten.
Zwangserkrankungen
In einer vorlufigenAuswertungberichteten Swerdlowund
seine Mitarbeiter (1993) auf der Basis einer kleinen Stich-
probe (n=11), daß Patienten mit einer Zwangsstçrung nur
in einer Bedingung mit einer recht schwachen Prpuls-
Lautstrke (4 dB ber dem Hintergrundrauschen) PPI-
Defizite offenbarten. In einem spteren Kongressabstract
berichten die Autoren weiterhin, daß Zwangserkrankte
auch bei strkeren Prpuls-Lautstrken (2–16 dB) PPI-
Defizite aufweisen wrden (Swerdlow et al., 1997b). Eine
neuere Studie mit einer recht großen Stichprobe (n=30)
besttigte die PPI-Defizite bei diesem Stçrungsbild (Ho-
enig et al., 2005). Die Autoren dieser Studie berichten
darber hinaus, daß die Gesamtschwere der Erkrankung,
gemessen mit der Yale-Brown Obsessive-Compulsive Scale
(YBOCS), sowie die YBOCS-Subskala Obsessions, signi-
fikantmit der PPI der Patienten korreliert war.Dies spricht
dafr, daß eine verminderte kognitive Inhibition auf der
Ebene intrusiver Gedanken- oder Handlungsimpulse mit
einer verminderten pattentiven Inhibition auf der Ebene
der sensomotorischen Filterung in Beziehung stehen
kçnnte.
Neurologische Erkrankungen
Wie bereits angedeutet, weisen Patienten, die an Chorea
Huntington (Swerdlow et al., 1995b; Valls-Sole et al. , 2004)
oder dem Tourette-Syndrom leiden, ausgeprgte PPI-De-
fizite auf (Castellanos et al. , 1996; Swerdlow et al., 2001b).
Indes konnten die PPI-Defizite beim Tourette-Syndrom
bislang nur bei Kindern und Jugendlichen (Castellanos et
al. , 1996; Swerdlow et al., 2001b), nicht aber bei Erwach-
senen nachgewiesen werden (Braff et al. , 2001; Swerdlow
et al., 1994b). Parkinsonpatienten scheinen keine vern-
derte PPI zu haben (Morton et al., 1995; Perriol et al. , 2005;
Valls-Sole et al., 2004), ihr sensomotorisches Gating ver-
schlechtert sich allerdings unter einer dopaminergen Be-
lastungsprobe (Morton et al., 1995). Whrend eine Unter-
suchung keine Vernderung der PPI bei Alzheimer-Pati-
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enten (n=10), jedoch ein starkes PPI-Defizit bei Patienten
mit einer Lewy-Body-Demenz (n=10) berichtete (Perriol
et al. , 2005), und eine weitere Untersuchung ebenfalls
keine vernderte PPI beiMorbusAlzheimer finden konnte
(Hejl et al., 2004), kommt eine neuere japanische Studie zu
dem Schluß, daß Patienten in einem frhen Alzheimer-
Stadium (n=20) sehr wohl eine stark verminderte PPI
aufweisen sollen (Ueki et al., 2006). DieAutoren vermuten
dahinter, daß die frhen Vernderungen im entorhinalen
Kortex bei der Alzheimerschen Erkrankung fr die PPI-
Defizite verantwortlich sein kçnnten.
Laut eines einzelnen Kongressbeitrages zeigen psych-
otische Patienten mit einer Temporallappenepilepsie im
Vergleich zu nicht-psychotischen Temporallappenepilep-
tikern PPI-Defizite (Morton et al., 1994) und Pouretemad
et al. (1998) berichten, daß auch Patienten mit nichtepi-
leptischen Anfllen ohne psychotische Symptome im Ver-
gleich zu gesunden Kontrollen eine erniedrigte PPI auf-
weisen. Auch Patienten mit einem Lidkrampf (Blepharo-
spasmus) sollen ein PPI-Defizit aufweisen, welches hier
ber die elektrische Reizung des Trigeminus-Nerves fest-
gestellt wurde (Gomes-Wong et al., 1998). Der Blepharo-
spasmus ist eine fokale Dystonie des Musculus orbicularis
oculi, welche sich durch exzessives Blinzeln und Augen-
zusammenkneifen ußert und daher stellt sich die Frage,
wie die Autoren mit den wohl unvermeidlichen Blinzelar-
tefakten umgingen. Zusammenfassend sei gesagt, daß die
PPI-Defizite bei neurologischenErkrankungen zurzeit erst
Einzelbefunde darstellen, die einer Replikation mit grç-
ßeren Stichproben bedrfen.
Aufmerksamkeitsdefizit-Hyperaktivitätsstö-
rung (ADHS) und nächtliche Enuresis
Ornitz und Mitarbeiter (1992) untersuchten 43 Jungen mit
ADHS, von denen 13 zustzlich an nchtlicher Enuresis
litten, 17 Jungen, die nur eine nchtliche Enuresis zeigten,
und 42 alters-gematchte gesunde Kontrollen. Sie stellten
fest, daß nur die an Enuresis leidenden Jungen ein PPI-
Defizit aufwiesen, daß aber kein Effekt der ADHS auf die
PPI nachweisbar war. In einer zweiten Studie replizierten
sie diesen Befund, allerdings waren hier die PPI-Vermin-
derungen in der Enuretiker-Gruppe mit komorbider
ADHS am strksten, whrend aber weiterhin Jungen, die
nur eine ADHS hatten, keine vernderte PPI aufwiesen
(Ornitz et al. , 1999). Die Autoren vermuten, daß die PPI
bei den Enuretiker auf einer sehr frhen Ebene im Hirn-
stamm (pontine reticulare Formation) gestçrt sein msse.
Auch Castellanos und seine Kollegen (1996) untersuchten
Kinder mit ADHS und komorbidem Tourette-Syndrom
und fanden, daß nur Kinder mit einem Tourette-Syndrom,
nicht aber Kinder nur mit einer ADHS, eine gestçrte PPI
zeigten. Kinder mit einer ADHS ohne komorbide Er-
krankung scheinen also keine vernderte PPI und somit
eine intakte prattentive Filterleistung zu haben.
Posttraumatische Belastungsstörung (PTBS)
Laut DSM-IV und ICD-10 zhlt eine erhçhte Schreckre-
aktivitt zu den Symptomen einer pathologisch erhçhten
physiologischen Erregung bei einer PTBS und die Mehr-
zahl der Studien konnte dies anhand psychophysiologi-
scher Messungen auch empirisch belegen (zur bersicht
siehe Orr & Roth, 2000). Bezglich des Vorliegens eines
PPI-Defizites innerhalb der PTBS ist die Studienlage je-
doch weniger einheitlich. Ornitz & Pynoos (1989) berich-
teten zunchst von einer erniedrigten PPI bei einer sehr
kleinen Stichprobe von Kindern mit PTBS (n=6) gegen-
ber gesunden Kindern (n=6). Eine erste Studie mit Vi-
etnam-Veteranen jeweils mit und ohne PTBS ergab keine
Unterschiede zwischen diesen beidenGruppen hinsichtlich
ihrer PPI (Butler et al. , 1990). Zwei weitere Studien mit
Vietnam-Veteranen zeigten eine signifikant reduzierte PPI
bei Veteranen mit PTBS verglichen mit gesunden Kon-
trollen und nicht-traumatisiertenKriegsveteranen (Grillon
et al. , 1996; 1998b). Allerdings konnten dieselben Autoren
in einer weiteren Publikation ihre Ergebnisse nicht repli-
zieren und fanden keine PPI-Defizite in einer weiteren
Stichprobe traumatisierter Vietnam-Veteranen (Grillon et
al. , 1998a). Auch bei jungen Frauen (n=28)mit einer PTBS
konnten keine PPI-Defizite im Vergleich zu einer gleich-
altrigen Kontrollgruppe (n=23) nachgewiesen werden
(Lipschitz et al. , 2005). Eine noch unpublizierte Untersu-
chung unserer Zricher Arbeitsgruppe konnte ebenfalls
keine PPI-Unterschiede zwischen einer heterogenen Pati-
entengruppe mit einer PTBS und gesunden Kontrollen
finden (Dominique Holstein, Zrich, persçnliche Mittei-
lung). Die meisten der bisherigen Experimente, insbeson-
dere mit traumatisierten Kriegsveteranen, bedienten sich
recht kleiner Stichproben (n<30) und auch longitudinale
Untersuchungen wurden bislang nicht durchgefhrt.
Zudem weisen die vorliegenden Studien große methodi-
sche Unterschiede auf und die bei einigen Studien berich-
teten Baseline-Unterschiede in der Schreckreaktivitt
blieben als Kontrollvariable stets unbercksichtigt, was zu
falsch positiven Befunden gefhrt haben kçnnte (Braff et
al. , 2001). Aufgrund der bisherigen Studienlage muß man
wohl zum jetzigenZeitpunkt noch davon ausgehen, daß die
PTBS keinen Einfluß auf die PPI ausbt.
Angsterkrankungen und Depression
Einheitlicher gestaltet sich das Bild bei depressiven Er-
krankungen. Alle hierzu verçffentlichen Studien berichten
einhellig, keine PPI-Defizite bei depressiven Patienten
gefunden zu haben (Ludewig&Ludewig, 2003; Perry et al.,
2004; Quednow et al., 2006c). Zudem untersuchten wir, ob
sich das angenommene Serotonin-Defizit suizidaler de-
pressiven Patienten in der PPI widerspiegelt, wie es auf-
grund von pharmakologischen Manipulationen am Tier zu
erwarten gewesen wre (Quednow et al., 2006c). Wir
konnten jedoch keine vernderte PPI bei depressiven Pa-
tienten kurz nach einem oder mehreren Suizidversuchen
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finden, so daß unsere Hoffnungen, mit der PPI mçglicher-
weise einen Prdiktor fr suizidales Verhalten zu finden,
nicht erfllt wurden.
Zwei Studien desselben Autors berichten von signifi-
kanten PPI-Defiziten bei Patienten mit Panikstçrungen
(Ludewig et al. , 2002b; 2005). In der frheren Studie fan-
den die Forscher ein Habituationsdefizit, d.h. in den hin-
teren Puls-allein-Blçcken (die auch zur Berechnung der
PPI herangezogen wurden) zeigten die Patienten eine er-
hçhte Schreckreaktivitt (Ludewig et al., 2002b). In der
spteren Studie berichten die Autoren eine insgesamt er-
hçhte Schreckreaktivitt ihrer Panikpatienten (Ludewig et
al. , 2005). Wie zuvor bereits erklrt, beeinflußt die Hçhe
der Schreckreaktion auch die Hçhe der PPI, in deren Be-
rechnung sie ja mit einfließt, wobei eine erhçhte Schreck-
reaktivitt eine erniedrigte PPI nach sich zieht (Csomor et
al. , 2008c). Leider hatten die Autoren die Hçhe der
Schreckreaktion auch nicht als kontrollierende Variable
mit einbezogen.Aus diesemGrund sind dieBefunde zu den
PPI-Defiziten bei Panikpatienten mit Vorsicht zu genie-
ßen, da noch nicht klar ist, ob es sich dabei nicht einfach um
ein Artefakt, verursacht durch eine erhçhte Schreckreak-
tivitt der Patienten, handelt.
Autismus und Asberger-Syndrom
Whrend eine frhe Studie mit einer großen (54 Patienten,
72 Kontrollen), aber altersmßig und intellektuell sehr
heterogenen und zum Teil somatisch komorbiden Studi-
enpopulation keine PPI-Defizite bei Patienten mit Autis-
mus finden konnte (Ornitz et al., 1993), berichteten zwei
sptere Studien signifikante PPI-Verminderungen bei ho-
mogeneren, aber sehr viel kleineren Gruppen von Patien-
ten mit Asberger-Syndrom – einer Subform der autisti-
schen Erkrankung – (McAlonan et al., 2002) sowie Er-
wachsenen mit Autismus (Perry et al. , 2007). Die Studie
von Perry et al. (2007) berichtet zudem eine nicht-signifi-
kante aber dennoch recht starke Erhçhung der Schreck-
reaktivitt in ihrer autistischen Patientenpopulation, was
den positiven Befund fr ein PPI-Defizit in dieser Stich-
probe mitverursacht haben kçnnte (s.o.). Aufgrund der
inkohrenten Studienlage werden daher noch weitere
Studien bençtigt, um eine Aussage zu mçglichen PPI-Ver-
nderungen bei autistischen Erkrankungen machen zu
kçnnen.
Substanzmißbrauch
Es wurde berichtet, daß Cannabis-Konsumenten eine si-
gnifikante Erniedrigung der PPI aufweisen, wenn die
Aufmerksamkeit auf die akustischen Stimuli gerichtet
werden sollte. In der passiven Aufmerksamkeits-Bedin-
gung zeigten die Cannabis-Konsumenten jedoch keine
PPI-Verminderung (Kedzior & Martin-Iverson, 2006;
2007). Dies paßt zumTeil zu unseren eigenenDaten, da wir
in dem von uns verwendetem PPI-Paradigma unter passi-
ver Aufmerksamkeit ebenfalls keine vernderte PPI bei
Cannabis-Konsumenten nachweisen konnten (Quednowet
al., 2004). Interessanterweise war die PPI mit der lebens-
zeitlichen Dauer des Cannabis-Konsums, nicht jedoch mit
dem Abstinenzzeitraum vor der Testung oder der Canna-
binoid-Konzentration imUrin korreliert, was dafr spricht,
daß es sich um einen Effekt des chronischen und nicht des
akuten Konsums handelt (Kedzior & Martin-Iverson,
2006). Die Autoren schlossen aus ihren Ergebnissen, daß
der chronische Gebrauch von Cannabis mit hnlichen
Vernderungen frher Aufmerksamkeitsfunktionen ein-
hergeht, wie sie auch in der Schizophrenie zu beobachten
sind.
Ecstasy-Konsumenten hingegen scheinen eher eine er-
hçhte PPI gegenber einer gematchten gesunden Kon-
trollgruppe, wie auch gegenber einer Gruppe von ge-
matchten Cannabis-Konsumenten aufzuweisen (Quednow
et al., 2004). Allerdings konnte dieser Befund in einer sehr
hnlichen Studie nicht besttigt werden (Heekeren et al.,
2004a). Mçglicherweise sind methodische Unterschiede
hierfr verantwortlich, da sich die Populationen in Grçße
und Konsummuster kaum unterscheiden. Die von uns ge-
fundene PPI-Erhçhung bei den Ecstasy-Konsumenten
kçnnte damit zusammenhngen, daß derEcstasy-Wirkstoff
MDMA starke Vernderungen im serotonergen System
hervorruft, wobei das gefundene Muster eher fr eine
Vernderung auf der Rezeptorenebene, als fr ein gene-
relles Serotonin-Depletions-Syndrom spricht, wie es einige
Forscher zuvor postuliert hatten (Quednow et al., 2004).
Chronische Kokain-Konsumenten zeigten ebenfalls
eine, wenn auch auf eine einzige Bedingung begrenzte (75
dB-Prpuls, 100-ms ISI) Steigerung der PPI und zustzlich
eine insgesamt stark verminderte Schreckreaktion, was die
Autoren vermuten ließ, daß dopaminerge oder ebenfalls
serotonerge Vernderungen hierfr verantwortlich sein
kçnnten (Efferen et al. , 2000). Allerdings kçnnte die ver-
meintliche PPI-Steigerung hier auch mit der verminderten
Schreckreaktivitt im Zusammenhang stehen.
Erstaunlicherweise sind bislang keine Studien mit
Opiat-Abhngigen durchgefhrt bzw. publiziert worden,
und dies, obwohl seit langem bekannt ist, daß sich die bei
der Abhngigkeitsentstehung wichtigen accumbalen Be-
lohnungskreislufe und der PPI-vermittelnde CSPP-
Kreislauf anatomisch stark berschneiden (Swerdlow et
al., 1999a). Zudem fandenwir, daß die PPI sensibel fr eine
Stimulation der m-Opioidrezeptoren ist (Quednow et al.,
2008a). Die Erforschung frher und anatomisch gut auf-
geklrter Aufmerksamkeitsmechanismen mittels PPI bei
Opiat-Abhngigen kçnnte daher ein lohnendes neues
Forschungsfeld darstellen.
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Fragiles X-Syndrom und
22q11-Deletionssyndrom
Bei zwei Erkrankungen, die durch schwere chromosomale
Vernderungen verursacht werden, wurden jngst eben-
falls Vernderungen der PPI berichtet: dem Syndrom des
fragilen X-Chromosoms (auchMartin-Bell-Syndrom, engl.
fragile X syndrome) (Frankland et al., 2004) sowie dem
22q11-Deletionssyndrom (Velokardiofaziales Syndrom,
DiGeorge-Syndrom) (Sobin et al. , 2005a; 2005b). Das
Fragile X-Syndrom ist die hufigste vererbte geistige Re-
tardierung, die nur durch ein einziges Gen (FMR1) verur-
sacht wird und an der ausschließlich Mnner erkranken
(Turner et al. , 1996). Neben vielfltigen physischen, ko-
gnitiven und behavioralen Einschrnkungen, zeigen die
Erkrankten eine auffllige Sensitivitt fr sensorische Sti-
mulationen (Miller et al. , 1999). Frankland et al. (2004)
konnten nun zeigen, daß Jungen mit Fragilem-X-Syndrom
(n=10 vs. 7 gematchtenKontrollen) ein starkes PPI-Defizit
zeigen, auch wenn fr die etwas erhçhte Schreckreaktivitt
kontrolliert wurde. Interessanterweise konnte hier die
Hçhe der PPI das Ausmaß der intellektuellen Leistungs-
fhigkeit, der Aufmerksamkeitsleistung, der adaptiven
Verhaltensmçglichkeiten sowie die Ausprgung autisti-
scher Symptome prdizieren (Frankland et al., 2004).
Das 22q11-Deletionssyndrom wird durch einen chro-
mosomalen Verlust am Genlocus 22q11.2 verursacht und
fhrt zu Entwicklungsstçrungen der Thymusanlage der
Nebenschilddrsen und des Aortenbogens. Auch dieses
Syndrom ist mit Lern- und Aufmerksamkeitsstçrungen
sowie Verhaltensaufflligkeiten assoziiert (Ryan et al.,
1997). Retrospektive Studien zeigten, daß ca. 25% der
Kinder mit einem 22q11-Deletionssyndrom im Erwach-
senalter eine Schizophrenie entwickeln (Murphy et al.,
1999). Kinder mit einem 22q11-Deletionssyndrom weisen
gegenber ihren gesunden Geschwistern auch ein ausge-
prgtes PPI-Defizit bei normaler Schreckreaktivitt auf
(Sobin et al., 2005a; 2005b). Zustzlich war die beein-
trchtigte Leistung in einer Aufgabe zur visuellen exeku-
tiven Aufmerksamkeit mit der erniedrigten PPI dieser
Kinder korreliert (Sobin et al. , 2005a). Das 22q11-Dele-
tionssyndrom fhrt zu einem Ausfall von ca. 30 Genen,
unter ihnen die Gene, welche die Enzyme Catechol-O-
Methyltransferase (COMT) und Prolindehydrogenase co-
dieren. Wie im Folgenden noch genauer besprochen wer-
den soll, bt aber auch der COMT-Genotyp alleine bereits
einen starken Einfluß auf die PPI aus (Quednow et al.,
2008d; Roussos et al., 2008b). Prolindehydrogenase hat
zudemeinen starkenEffekt auf die Synthese vonGlutamat,
welches ebenfalls eine wichtige Rolle in der Vermittlung
der PPI spielt (Swerdlow et al., 2001a). Der Ausfall dieser
Gene kçnnte also fr das PPI-Defizit beim 22q11-Dele-
tionssyndrom mitverantwortlich sein.
Die Präpuls-Inhibition als Tiermodell
für die Schizophrenie
Es wurde postuliert, daß das PPI-Defizit und damit der
beeintrchtigte sensomotorische Filterprozeß in der Schi-
zophrenie ein Teil der neuroanatomischen und neuroche-
mischen Aberrationen der Erkrankung widerspiegelt
(Geyer & Braff, 1987; Swerdlow et al., 1986; 1999a). Man
war zu dieser Annahme gekommen, da verschiedene psy-
chotrope Substanzen mit spezifischen Wirkmechanismen
die PPI verndern kçnnen. So erzeugen direkte und indi-
rekte Dopamin-Agonisten, Serotonin-2A (5-HT2A) Re-
zeptoragonisten, oder N-Methyl-D-Aspartat (NMDA)
Antagonisten, bei Ratten konsistent eine vorbergehende,
knstliche Verringerung der PPI, welche durch eine zu-
stzliche Gabe eines Antipsychotikums verhindert oder
aufgehobenwerden kann (zur bersicht sieheGeyer et al.,
2001). Zustzlich verursachen auch verschiedene Eingriffe
in die frhe Entwicklung junger Nager, wie beispielsweise
maternale Deprivation, soziale Isolierung oder neonatale
Hippokampuslsionen ein dauerhaftes PPI-Defizit, wel-
ches ebenfalls durch die Gabe von antipsychotischen Sub-
stanzenwieder verbessert werden kann (Le Pen&Moreau,
2002; Lipska et al. , 1995; zur bersicht siehe Weiss &
Feldon, 2001). Diese Befunde stimmten auch mit der
Sichtweise der Schizophrenie als eine neuronale Entwick-
lungsstçrung berein (Tsuang, 2000). Hinzu kommt das
Phnomen, daß die meisten Substanzen, die im Tier ein
PPI-Defizit hervorrufen, beim Menschen eine halluzino-
gene Wirkung entfalten, die phnomenologisch einer Psy-
chose hnelt (Vollenweider, 1998). Aufgrund dieser Evi-
denzen nahm man einerseits an, daß das PPI-Defizit in der
Schizophrenie aber auch die Erkrankung selbst durch
Vernderungen in der dopaminergen, serotonergen, und
glutamatergen Neurotransmission hervorgerufen werden
(zur bersicht siehe Geyer et al., 2001). Andererseits tru-
gen diese Befunde aber auch dazu bei, daß das pharma-
kologisch induzierte PPI-Defizit als Tiermodell fr die
Schizophrenie vorgeschlagen wurde und dieses Modell
heute zur Entwicklung neuer antipsychotischer Substanzen
genutzt wird (Swerdlow et al., 1994a; Swerdlow & Geyer,
1998). Swerdlow et al. (1999a) fassen die verschieden Ziele
der prklinische PPI-Forschung wie folgt zusammen: 1.)
Die prdiktive Validitt der PPI ermçglicht die Vorhersage
der antipsychotische Wirksamkeit neuer Substanzen im
Tier, noch bevor sie am Kranken getestet wurden. 2.) Die
Konstruktvaliditt des Maßes ermçglicht die Identifikation
neuraler Substrate neuropsychiatrischer Erkrankungen,
durch die mçgliche bertragung der Tierdaten auf den
Menschen. 3.) Die PPI ermçglich auch die Erforschung der
funktionellen Konnektivitt innerhalb und zwischen ver-
schiedenen Hirnregionen, da dieses vergleichsweise einfa-
che Verhaltensmaß hochreliabel und sensibel auf neuro-
chemische und strukturelle Vernderungen innerhalb ver-
schiedenster Ebenen innerhalb des CSPP-Kreislaufes rea-
giert. Allerdings hat sich die anfngliche Aufbruchstim-
mung mittlerweile wieder etwas gelegt, da bis heute kein
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neues antipsychotisches Medikament allein durch das PPI-
Modell vorhergesagt werden konnte. Der selektive 5-
HT2A-Rezeptoragonist M100907, dessen antipsychotische
Potenz allein durch verschiedene PPI-Modelle prdiziert
wurde (Varty et al. , 1999), erwies sich spter in klinischen
Versuchen als nicht ausreichend wirksam, auch wenn ein
Teil der schizophrenen Patienten von der Behandlung
profitiert zu haben scheint (de Paulis, 2001). DasDopamin-
PPI-Modell zeigte sich bei der Entwicklung neuer Anti-
psychotika ebenfalls als wenig hilfreich, da sich seine pr-
diktive Validitt auf den durch Ligandenbindungs-Studien
lngst bekannten D2-Antagonismus der klassischen Anti-
psychotika beschrnkte („Rezeptor-Tautologie“; Geyer,
2006a,). Eine Reihe von klinischen Studien zeigten aber,
daß die klassischen D2-antagonistischen Antipsychotika
zwar gut gegen die Positiv-Symptomatik schizophrener
Patienten halfen, aber weder das PPI-Defizit noch die be-
gleitende Negativsymptomatik oder die kognitiven Stç-
rungen zu verbessern vermochten (Geyer, 2006b; Kumari
& Sharma, 2002).
Da sich das PPI-Modell der Schizophrenie offenbar als
zu simpel erwiesen hat, um komplexe pathophysiologische
Mechanismen der Erkrankungen in Gnze zu erklren und
damit neue innovative Medikamente zu entwickeln, fo-
kussiert man sich nun auf die Entwicklung sogenannter
Cognitive Enhancer (Geyer, 2006a). Obwohl die PPI per se
kein bewußt-kognitiver Prozeß ist, sollen die prattentiven
Defizite die belastende kognitive Symptomatik der schi-
zophrenen Patienten mitbedingen, so daß sich das PPI-
Modell anbietet, um potentielle Cognitive Enhancer zu
identifizieren. Hierfr scheint insbesondere das NMDA-
PPI-Modell geeignet, da es – im Gegensatz zum Dopamin-
Modell – die kognitive und die psychotische Symptomatik
gleichermaßen abzubilden scheint (Geyer, 2006a). In die-
sem Zusammenhang drfte auch interessant sein, ob m-
Opioid Rezeptoragonisten mçgliche Cognitive Enhancer
darstellen kçnnten, daMorphin in derLagewar, sowohl die
PPI als auch bestimmte hçhere Aufmerksamkeitsfunktio-
nen bei gesunden Probanden zu verbessern (Quednow et
al., 2008a).
Die Genetik der Präpuls-Inhibiton
Wie bereits angedeutet, wird die PPI als ein vielverspre-
chender Endophnotyp der Schizophrenie gehandelt
(Gottesman & Gould, 2003). Dafr sprechen unter ande-
rem die zahlreichen Hinweise auf eine Vererbbarkeit der
Kapazitt des sensomotorischen Gatings. Cadenhead und
ihre Kollegen (2000) konnten beispielsweise zeigen, daß
erstgradige aber gesunde Verwandte schizophrener Pati-
enten ein hnlich ausgeprgtes PPI-Defizit wie ihre kran-
ken Angehçrigen aufweisen. Dieser Befund konnte mitt-
lerweile von einer unabhngigen Arbeitsgruppe repliziert
werden (Kumari et al., 2005b). Einer weiteren Arbeits-
gruppe gelang hingegen der Nachweis einer verminderten
PPI bei Angehçrigen von Patienten mit einer Schizophre-
nie nicht (Wynn et al., 2004). Die Autoren konnten aller-
dings auch in einer Gruppe schizophrener Patienten kein
PPI-Defizit nachweisen und spekulierten daher selbst, daß
methodische Unterschiede in ihrem PPI-Paradigma fr die
Nichtreplikation der Befunde verantwortlich sein kçnnten.
Wie Cadenhead et al. (2000) berichteten, war die PPI
von gesunden und an Schizophrenie erkrankten Ge-
schwistern mit r=0,66 recht stark korreliert. Nach jngsten
Schtzungen des Consortium on the Genetics of Schizo-
phrenia (COGS), die durch ihren multizentrischen Ansatz
ber einen PPI-Datensatz von 128 schizophrene Patienten
und 283 erstgradigen Angehçrigen verfgen, liegt die He-
ritabilitt (h2) der PPI zwischen erkrankten und gesunden
Personen bei 32% (Greenwood et al., 2007). Eine Unter-
suchung an 142 gesunden weiblichen Zwillingen erbrachte
hingegen eine erheblich hçhereHeritabilitt von ber 50%
(Anokhin et al. , 2003). Interessanterweise zeigte die
Schreckreaktivitt in dieser Studie eine noch hçhere Ver-
erbbarkeit von rund 70%.
Auch im Tierversuch weist die PPI einen starken ge-
netischen Einfluß auf. So zeigen diverse durch Inzucht ge-
netisch vereinheitliche Stmme von Musen eine unter-
schiedlich ausgeprgte PPI (Willott et al. , 1994; 2003).
Verschiedene Ratten- und Musestmme offenbaren dar-
ber hinaus eine unterschiedlicheAnsprechbarkeit der PPI
in Bezug auf die Beeinflussung durch serotonerge oder
dopaminerge Substanzen (Dulawa & Geyer, 2000; Kinney
et al. , 1999). Prklinische Stunden haben mittlerweile be-
sttigen kçnnen, daß die unterschiedlich ausgeprgte PPI
zwischen diesen Nagerstmmen eher genetische als epige-
netische Einflsse widerspiegelt (Francis et al. , 2003;
Swerdlow et al., 2004a). Darber hinaus zeigt die konti-
nuierliche Verteilung der PPI wie auch der Schreckreakti-
vitt ber die unterschiedlichen Inzuchtstmme hinweg,
daß beide Parameter einen polygenetischen Hintergrund
haben mssen (Geyer et al., 2002). Mittlerweile konnten
bereits einige spezifische Chromosomenabschnitte
(Quantitative Trait Loci, QTL) bei Ratten und Musen
identifiziert werden, die einen starken Einfluß auf die PPI
zu haben scheinen (Joober et al. , 2002; Palmer et al. , 2003;
Petryshen et al., 2005). Insbesondere ein oder mehrere
Gene auf dem Maus-Chromosom 16 scheinen dabei eine
Rolle zu spielen (Joober et al. , 2002; Petryshen et al., 2005).
Jngste Studien zeigen nun, daß auch beim Menschen
verschiedene Genmutationen einen Einfluß auf das PPI
ausben kçnnen. Hong et al. (2008) berichten, daß eine
Mutation des Neuregulin-1 (NRG1, SNP rs3924999) Gens
bei Gesunden wie auch bei schizophrenen Patienten die
Hçhe der PPI beeinflussen kann. Das Signalprotein NRG1
spielt eine wichtige Rolle in der neuralen Entwicklung und
bei synaptischen Funktionen und stellt ein wichtiges Sus-
zeptibilittsgen im Zusammenhang mit der Schizophrenie
dar (Harrison & Weinberger, 2005). Des Weiteren wurde
ein Zusammenhang zwischen PPI und dem Val158Met
Polymorphismus des Catechol-O-Methyltransferase
(COMT) Gens bei gesunden Probanden gefunden (Rous-
sos et al. , 2008b). Hierbei zeigten Trger der Met/Met-
Ausprgung des COMT-Gens ein hçheres PPI als die an-
deren Allel-Kombinationen. Wir konnten diesen Einfluß
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unlngst bei einer Gruppe von 68 schizophrenen Patienten
besttigen (Quednow et al., 2008d), whrend eine andere
Arbeitsgruppe keinen Effekt dieses COMT-Polymorphis-
mus auf die PPI bei gesunden weiblichen Probanden
nachweisen konnte (Montag et al., 2008). Mçglicherweise
sind aber Unterschiede in den Stimulusparametern fr
diese divergenten Ergebnisse verantwortlich. COMT hat
einen starken Einfluß auf die dopaminerge Neurotrans-
mission und zhlt ebenfalls zu den Schizophrenie-Sus-
zeptibilittsgenen (Harrison & Weinberger, 2005). Ein in-
teressanter weiterer Befund stellt der mçgliche Einfluß des
Dopamin-D3-Rezeptor Ser9Gly Polymorphismus auf die
PPI dar (Roussos et al. , 2008a). DieGriechischenKollegen
fanden heraus, daß die Ser/Ser-Variante ein hçheres PPI als
die Gly/Gly-Variante aufwies. Allerdings konnte bislang
kein Hinweis auf eine Assoziation dieses Polymorphismus
mit der Schizophrenie gefunden werden (Ma et al., 2008).
In unseren eigenen Studien fanden wir heraus, daß die
in unserer Stichprobe vollstndig gekoppelten A-1438G
und T102C Polymorphismen des 5-HT2A-Rezeptors einen
starken Effekt auf die PPI schizophrener Patienten aus-
ben (Quednow et al., 2008c). Homozygote Trger des
T102C-CunddesA-1438G-GAllels zeigtendie niedrigsten
PPI-Werte whrend heterozygote Trger beider Polymor-
phismen intermedire Ausprgungen des PPI aufwiesen.
Interessanterweise ist das C-Allel des T102C-Polymor-
phismus auch mit einer erhçhten Erkrankungswahr-
scheinlichkeit fr eine Schizophrenie verbunden (Abd-
olmaleky et al. , 2004). Zustzlich scheinen verschiedene
Polymorphismen der Tryptophanhydroxylase-2 (TPH-2),
einem Schrittmacherenzym der Serotoninbiosynthese,
ebenfalls eine Wirkung auf die PPI schizophrener Patien-
ten zu haben oder mit den 5-HT2A-Rezeptorpolymor-
phismen in Bezug auf die PPI zu interagieren (Quednow et
al., noch unverçffentliche Daten). Unsere Daten unter-
streichen damit die Wichtigkeit des serotonergen Systems
fr die Regulation der PPI. Zusammengefaßt deuten auch
die verschieden Befunde zur genetischen Beeinflussung
der PPI beim Menschen daraufhin, daß es sich bei der PPI
um ein polygenetisches Merkmal handelt.
Abschließende Zusammenfassung
und Ausblick
Beeintrchtigung der PPI sind bislang am konsistentesten
fr schizophreniforme Erkrankungen gezeigt worden, bei
denen sie offenbar ein zeitstabiles Merkmal (Trait) dar-
stellen und weitgehend unabhngig von der Schwere der
Erkrankung sind. ImGegensatz dazu, scheint dasmehrfach
nachgewiesene PPI-Defizit bei Patienten mit einer bipo-
laren Stçrung eher ein State-Marker zu sein und sich auf die
Patienten zu beschrnken, die zustzlich psychotische
Episoden erleben. Auch Patienten, die an Krankheiten mit
einer vermuteten fronto-striatalen Beteiligung leiden, wie
Zwangserkrankungen, Chorea Huntington und das Tou-
rette-Syndrom, weisen recht konsistent PPI-Defizite auf.
Zudem deuten jngste Daten berzeugend darauf hin, daß
auch bei chromosomalen Vernderungen, wie dem Fragi-
len-X-Syndrom und dem 22q11-Deletionssyndrom, Ver-
minderungen der PPI auftreten. Bei anderen psychiatri-
schen Stçrungen, fr die vereinzelt PPI-Defizite berichtet
wurden, ist die Datenlage noch nicht ausreichend, um auch
fr diese Erkrankungen eine Stçrung der frhen Informa-
tionsverarbeitung zu postulieren.
Die Erforschung der sensomotorischen Filterleistung
hat sicher mit dazu beigetragen, daß wir heute die Schizo-
phrenie nicht allein als eine Stçrung der mesolimbischen
dopaminergen Neurotransmission begreifen, sondern daß
offenbar auch serotonerge und glutamaterge Mechansis-
men mit zur Pathophysiologie der Erkrankung beitragen.
Die PPI-Forschung offenbarte auch, daß schizophrene
Patienten nicht nur unter einer Beeintrchtigung hçherer
kognitiver Funktionen leiden, sondern daß bereits frhe
und teilweise prattentive Prozesse gestçrt sind, die unter
Umstnden einen Einfluß auf alle nachfolgenden hçheren
Prozesse ausben. Sie trug damit dazu bei, daß die Schi-
zophrenie heute als Reizfilterstçrung konzeptualisiert
wird. Da sich gezeigt hat, daß die PPI-Defizite einer ge-
netischen Mitverursachung unterliegen und bereits vor
Ausbruch der Erkrankung prsent sind, wurde die senso-
motorische Filterleistung als ein vielversprechender En-
dophnotyp der Schizophrenie vorgeschlagen. Aktuelle
Untersuchungen zeigen bereits, daß genetische Variatio-
nen der serotonergen und dopaminergen Neurotransmis-
sion sowie der neuralen Entwicklung die Ausprgung der
PPI bei Gesunden und an Schizophrenie erkrankten Per-
sonen beeinflußt. So kann die Erforschung der PPI mit
dazu beitragen, die neurobiologischen Grundlagen psych-
iatrischer Erkrankungen, insbesondere auch der Schizo-
phrenie, zu ergrnden.
Die pharmakologisch manipulierte PPI wird als Tier-
modell der Schizophrenie genutzt, und auch wenn sich die
Hoffnungen, mit diesem Modell neue, wirksamere und
nebenwirkungsrmere Antipsychotika zu identifizieren,
bislang nicht erfllt haben, kann dieser Ansatz mçglicher-
weise trotzdem dafr genutzt werden, um neue Substanzen
zur Verbesserung der beeintrchtigten kognitiven Fhig-
keiten der Patienten zu entwickeln. Zuknftige Studien
mssen allerdings erst noch ergrnden, ob und wie senso-
motorische Filterfunktionen komplexere kognitive Funk-
tionen beeinflussen kçnnen.
Bei der Erhebung sensomotorischer Filterfunktionen
mittels PPI sind verschiedene Einflußfaktoren zu berck-
sichtigen, die unbeachtet einErgebnis, z.B. einer klinischen
Studie, verflschen kçnnen. Die PPI ist recht sensibel fr
Geschlechtseffekte, Nikotin, Baseline-Unterschiede in der
Schreckreaktivitt, zentral wirksame Medikamente und
mçglicherweise auch fr Koffein-Einfluß. Zudem ist die
interindividuelle Varianz der PPI recht groß und kann auch
bei Gesunden von negativen Werten (Faszilitierung) bis
ber 90% Inhibition reichen, so daß man fr signifikante
Vergleiche zwischen unabhngigen Gruppen oft recht
große Stichproben braucht.
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Die vorgestellten Befunde verdeutlichen ferner die
scheinbare Diskrepanz der zwei grundlegenden Anstze
der Erforschung der PPI-Defizite in der Schizophrenie.
Einerseits erscheint das PPI-Defizit als ein stabiler Trait-
Marker, der offensichtlich genetisch beeinflußt wird und
der auch in Hochrisikopopulationen, wie erstgradigen Fa-
milienmitgliedern und prodromalen Patienten, als vern-
dert nachzuweisen ist. Andererseits stellt sich die PPI so-
wohl in prklinischen Tierexperimenten und Studien mit
gesunden Probanden, als auch bei diversen Patientenstu-
dien als ein sensitiver pharmakologischer State-Marker dar.
Dies erçffnet die Frage, ob wir die PPI eher als Endoph-
notyp untersuchen sollen, um z.B.Kranheitsverursachende
Gene zu identifizieren und zu charakterisieren, oder ob wir
die PPI eher als Modell fr die Wirksamkeit neuer anti-
psychotischer Substanzen oder neuer Cognitive Enhancer
nutzen sollten. Zur Zeit sieht es so aus, als kçnnte die PPI
sowohl als endophnotypischer Trait-Marker als auch als
pharmakologischer State-Marker dienen. Es ist bislang
noch unklar, ob wir mit der pharmakologischen Manipu-
lation eher die State- oder die Trait-Komponente des PPI
verndern. Pharmakogenetische Untersuchungen wren
aber geeignet, um dieser Frage weiter nachzugehen.
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